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An increase in the search for electricity from renewable energy sources (RES) like solar, wind, 
tidal and geothermal sources has become important in improving access to reliable and 
affordable energy worldwide. The challenge with their use, however, is that the electricity 
supply is intermittent, thus posing a challenge to energy system planners. Storage systems may 
be incorporated within the power system to address this intermittency and handle the varying 
power surpluses or deficits provided by these renewable sources. 
Although it has been established that storage systems can improve the reliability of a network, 
encourage the penetration of RES and reduce peak demand, a major challenge is the high 
capital costs involved. Thus, this thesis presents three mathematical models to investigate the 
techno-economic aspects of hybrid energy storage systems (HESS) operating within a power 
network. The first model, which is reported in Chapter Three, exploits the complementary 
characteristics of each storage system forming a part of the HESS while considering 
degradation in energy output. The results present an index, the Levelised Cost of Hybrid 
Energy Storage Systems (LCOHESS) which informs proper decision making for the HESS 
configuration to be adopted considering technoeconomic constraints 
Similarly, the second model, in Chapter Four, examines the multiple revenue streams offered 
by hybrid storage systems in a prosumer microgrid in an attempt to make a favourable case for 
the adoption of storage systems. The HESS which improves self-consumption, energy 
arbitraging and back-up power is modelled and solved using the Advanced Interactive 
Multidimensional Modeling Software (AIMMS). The payback period and breakeven period 
analysis for different HESS configurations are also completed. 
In Chapter Five, the third model simulates a microgrid incorporating HESS and diesel 
generation with the aim of minimising daily operational costs and storage degradation costs. 
The influence of different tariff schemes on the cycling pattern of six HESS considerations 
have also been analysed and this provides details on the HESS with lowest operational costs. 
These chapters altogether, provide technoeconomic approaches for the optimal use of multiple 
HESS configurations while promoting the penetration of RES yet minimising system costs. 
 
Keywords:  Hybrid energy storage systems, storage degradation, techno-economics, 
levelised costs, renewable energy, Advanced Interactive Multidimensional 
Modelling Software (AIMMS), optimisation, microgrids, revenue streams
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Chapter 1  
INTRODUCTION 
 
1.1   Research Background 
Fossil-based energy sources like coal, natural gas and oil are currently the commonest sources 
for electricity generation worldwide. The exploration, use and management of by-products 
from these fossil fuels in the process of generating electricity, producing liquefied natural gas 
or aviation fuel and so forth, however, has evident negative impacts on the environment and 
climate. But the growing world population still requires more energy for continuous 
development and this demand for electricity for use by industrial motors, household appliances, 
cooling and in electric vehicles is expected to keep increasing till 2040, by which time global 
electricity demand would  have overtaken the demand for oil [1]. This has led to an incessant 
search for cleaner, more efficient and sustainable energy sources and technologies to 
supplement and replace fossil-based sources. These clean energy sources include solar, wind, 
hydro, geothermal, biomass and tidal, and can be harnessed to power residences, commercial 
and industrial processes, and the transport sector. They are particularly useful in promoting 
access to electricity in offgrid communities and rural areas by boosting electricity supply with 
low carbon and cleaner technologies. It is projected that by 2050, the share of renewables in 
the overall global energy mix would be 82%, a significant increase from 23% in 2015 [2]. 
As traditional power networks are generally centralised, while renewable energy (RE) systems 
can be deployed in various locations within the grid, a system with RE would involve dealing 
with more technicalities such as power quality or reliability issues, if not properly managed. 
The incorporation of renewable energy (RE) sources in electrical grids also comes with its 
peculiar challenge of unpredictable variation in power supplied. The difficulty in accurate 
forecasting of generation could be due to available wind speeds being far below the cut-in 
speed or far above the cut-out speed of the installed wind turbine; or reduced solar insolation 
due to cloud cover.  This makes it more demanding for energy planners to manage sudden 
surges and dips in power supply or demand, and creates a need for technologies which can 
improve system efficiency and reliability [3]. Considering most grids are still traditionally run 
on fossil fuels, coal or nuclear, wherein the supply level is foreseen, renewable sources of 
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power need storage technologies to control their supply so as to be at par with the traditional 
systems’ performance. Energy management of power networks incorporating storage systems 
aims to minimise investment, operation, maintenance costs of the microgrid [4], while 




Figure 1.1: Energy management of grids. 
 
As more electrical networks shift towards adopting cleaner, lower-carbon technologies and are 
decommissioning their coal and nuclear power plants, renewable sources are the adopted 
sources of energy supply of new energy networks. The challenge with their intermittency in 
supply can be addressed by adopting energy storage systems. A projection suggests that by 
2030 when solar and wind capacities have reached 5000GW, storage capacity would be more 
than 1000GW, mainly from their use in electric vehicles, from pumped hydro and from 
batteries [2]. 
 
Energy storage systems are available in a variety of technologies, on small and large scales, 
have their peculiar attributes and constraints limiting where they can be deployed, and are 
available for a range of prices. There is also a growing need for storage systems as the demand 
for electricity for transportation and heating needs increases worldwide [5]. Energy storage 
systems provide numerous technical benefits in ensuring the system is more stable, reliable, 
has less voltage and frequency deviations and has less outages [6]. Economically, they can also 
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This work presents energy management of networks which have energy storage systems 
incorporated in them. Energy management is essential in utilising the energy storage system 
efficiently, while protecting it from excessive charging and discharging [7] and at the same 
time considering the minimisation of all associated costs of the network’s operations. 
Therefore, optimising the planning and operation of energy storage systems (ESS) for viability 
and maximal benefits is important in minimising ESS investment costs. 
 
1.2  Problem Statement  
The obvious need for storage systems in emerging grid networks is an ongoing discussion in 
many countries worldwide which are seeking to include renewable energy sources in their 
energy mix. The case for energy storage needs to be made clear and as unambiguous as possible 
to demonstrate its numerous technical and economic benefits. Economic benefits are seemingly 
easier for investors to relate with, as the profits, payback period and other financial indicators 
can be modelled. The contention, however, is quantifying the technical benefits that storage 
systems contribute to a network so as to justify the huge investments made on them. Also, as 
there are many storage technologies to choose from, which one does the investor go for? A 
combination of energy storage systems (ESS) to form a hybrid energy storage system (HESS) 
could also provide more technical and economic benefits than a single ESS would - another 
consideration is how different HESS combinations can be compared within a range of technical 
and economic criteria to determine which is most beneficial? 
  
1.3 Aims and Objectives of the Study 
This study aimed to develop and improve on mathematical models  to address the concerns on 
the technoeconomic  benefits of different hybrid storage systems within a microgrid. Thus, the 
objectives are: 
- To develop a model for the levelised cost of any configuration of a hybrid energy 
storage system (LCOHESS) considering its technical characteristics and 
degradation effects. 
- To establish the profitability of HESS systems, despite its high capital costs and 




- To improve on existing optimisation models by assessing the operational costs and 
profitability of different HESS configurations under fixed and Time-of-use 
scenarios with projected reduced HESS prices, higher tariffs 
 
1.4 Motivation of The Study 
Energy management requires an effective coordination of generation sources, storage systems 
and loads. Efficient management of power system components ensures that electricity 
generation is as cost effective as possible, reliability is improved and the lifetime of 
components is extended. In addition, networks incorporating storage systems encourage the 
adoption of cleaner energy generation sources like solar and wind, thereby reducing the amount 
of greenhouse gas emissions that would have come from fossil-fueled sources. Thus the 
benefits of energy management cut across technical, economic and environmental concerns. 
 
1.5 Research Methodology 
 
Optimisation problems are mathematically modelled to achieve a certain objective, or multiple 
objectives, within given limits and with a set of values and parameters. Different types include 
Linear programming (LP), Quadratic Programming (QP), Non-Linear Programming, Mixed 
Integer Programming, Robust Optimisation (RO) and Stochastic Programming (SP). Mixed 
Integer Linear Programming (MILP) is one of the accurate optimisation tools that can be used 
to solve complex optimisation problems and can be employed in solving problems involving 
storage systems in networks having renewable energy and diesel generation sources.  
Optimisation models in this work are formulated using the Advanced Integrated 
Multidimensional Modeling System (AIMMS) software. The AIMMS solvers include CPLEX, 
Conopt, KNITRO, FICO Xpress; in this study the CPLEX solver is used on a PC with Intel (R) 
Core i3 CPU @ 1.80GHz.  Optimisation models in AIMMS, like other algebraic modelling 
languages, are formulated as sets, indices, parameters, variables and constraints. The models 
of the network components – grid power, solar photovoltaic power, diesel generators, storage 
systems– as well as the objective function to be optimised and other relevant data are declared 
as parameters or variables, while the operating limits within which the system is designed to 
run are declared as constraints.            
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When the optimal results from the model are obtained, further inference and analysis is done 
to achieve more detailed results and enhance the output of the research findings. In addition, 
sensitivity analyses are also performed to determine the influence of certain parameters or 
constraints on selected variables and the final results. 
In Chapter Three, the objective is to minimise operational costs of a microgrid system 
incorporating a hybrid energy storage system, diesel generation and renewable sources. 
Following the results from the model, the Levelised cost of hybrid energy storage systems 
(LCOHESS) of different HESS configurations is presented as well as the effect of degradation 
of storage systems on the LCOHESS values.   
Chapter Four focuses on the mathematical modelling of the financial benefits of stacking the 
services provided by a storage system within a prosumer microgrid network, with the objective 
of maximising the possible revenue streams from the hybrid energy storage systems (HESS).  
In Chapter Five, the operation of a storage system within a grid-tied network using diesel 
generators and solar PV has been presented as an optimisation problem. The constraints include 
limiting the grid power intake, the diesel generator use at low loads, and the availability of the 
high-power ESS of the HESS within prescribed SOC limits. The sensitivity analysis considered 
the operation of the HESS during fixed and time-of-use tariff schemes. 
 
1.6  Scope of the Study 
The three levels of power system networks cut across generation, transmission, and 
distribution, with storage systems being able to provide different technical, economic and 
environmental benefits to each level. The inclusion of renewable energy in the grid-limited 
scenarios were thus limited to the distribution level only. Thus, the interaction with electricity 
market prices is not considered and does not influence the operation of the energy storage 
systems in this study. In addition, reactive power and power losses are not considered, so focus 
is placed only on active energy demanded or provided. The control strategies and power 
electronics required for operation of the HESS were also not included in the study. 
 
1.7 Contribution to Existing Literature 
Single and hybrid energy storage systems offer technical and economic benefits when deployed 
within offgrid and grid-tied systems. In the course of researching on this topic, the following 
have been identified as contributions to current work in the energy storage systems’ space. 
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 The Levelised Cost of Energy (LCOE), Levelised Cost of Storage (LCOS) of 
different energy systems have been developed. This work developed a model for 
obtaining the Levelised Cost of Hybrid Energy Storage Systems (LCOHESS), which 
has not been done in previous literature. The LCOHESS is a useful tool for comparing 
different configurations of HESS within a network. 
 A mathematical model has been developed further to capture the financial benefit of 
installing a HESS within a prosumer microgrid when it improves self-consumption, 
energy arbitrage services and provides back-up power. The payback period was also 
obtained. 
 Current research needs include the justification of the benefits of energy storage 
systems. This work has contributed to ongoing research by demonstrating the benefits 
of hybrid energy storage systems to microgrids, under real-life conditions which 
include tariffs, storage degradation costs and deferrable demand scenarios.  
 Potential investors, planners, and DNO can benefit from the information, methods 
and results in this work to guide the feasibility of investing and implementing a hybrid 
storage system within new or existing power networks. 
 
1.8 Structure of the Thesis 
In the following chapters of this thesis; 
 Chapter Two presents a literature review of energy storage systems deployed in 
electricity networks.   
 In Chapter Three, an article on the techno-economic analysis of the levelised cost of 
hybrid energy storage systems is presented.  
 Chapter Four presents the economic benefits of HESS to a prosumer microgrid under 
three scenarios of self-consumption, energy arbitrage, and load shedding.  
 Chapter Five presents the optimal operation of six selected HESS under time-of-use 
and fixed tariffs with the consideration of storage degradation costs.  






This chapter presents an introduction to power systems incorporating hybrid storage systems 
which provide a variety of benefits.   The aims and objectives of the study is first presented as 
well as the motivation driving the research – the optimal management of energy considering 
technical and economic factors. This focus on energy management across technical or 
economic limitations adopts the use of the Advanced Integrated Multidimensional Modeling 
System (AIMMS) software in modelling the power system. These technical and economic 
limitations considered are only within the distribution level of power network and not at the 
transmission or generation level. Lastly, the contributions of the research work are enumerated 






Chapter 2  
LITERATURE REVIEW 
A review of existing literature on storage systems within electricity networks is presented in 
this chapter. The roles, benefits, characteristics, implementation constraints as well as 
optimisation approaches to sizing, siting and operation of single and hybrid ESS are also 
presented.  
 
2.1 Energy Storage in Electrical Energy Networks 
As more electrical networks decommission their coal and nuclear power plants and shift 
towards adopting cleaner, low-carbon technologies to mitigate climate effects, renewable 
energy (RE) sources are the adopted sources of these new energy networks. However, common 
RE alternatives like solar and wind energy come with the challenge of intermittency in supply 
due to cloud cover, shading, fog or changing wind speeds. Research and actual operation has 
shown that this issue can be addressed by adopting energy storage systems within electrical 
networks [8]. There is also a growing need for storage systems as the demand for electricity 
for transportation and heating increases worldwide [5]. 
Energy storage systems are available in a variety of technologies, on small and large scales, 
with a wide range of prices and have their peculiar attributes and constraints which limits where 
and when they can be deployed. Research is ongoing in developing new storage systems or 
enhancing the capabilities of the existing technologies. 
A list of common storage technologies deployed in electricity networks, transportation and 
thermal energy networks is presented below. This work, however, focuses on storage 
technologies in electricity networks and some characteristics are presented in Table 2.1.
i) Batteries: Lead acid, Lithium-ion, Sodium sulphur, Vanadium flow, Zinc bromide flow, 
Nickel-Manganese-Cobalt, Sodium-Nickel-chloride, Advanced lead (lead carbon), etc. 
ii) Supercapacitors (Ultracapacitors) 
iii) Pumped Hydro Storage (PHS) Systems 
iv) Fuel cells and electrolyser systems 
v) Compressed Air Energy systems  
vi) Flywheels 
vii) Super Magnetic Energy Storage (SME 
viii) Power-to-gas systems 
ix) Thermal storage – molten salt, heat, ice. 
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Efficiency Advantages Drawbacks 
Electrochemical 
 Batteries – Lead 
acid batteries 
150 -200 50-100 
Wh/l 
3-5 ms  0.69 – 0.90 i. Technical maturity  
ii. Wide availability  
i. Charge and discharge current 
restrictions.  
ii. End-of-life environmental 
concerns.   Lithium ion  150 -200 200 – 350 
Wh/l  
3-5 ms  0.75 – 0.97 
 Sodium sulphur 
(NaS) battery 
150 -200 150 – 250 
Wh/l 
3-5 ms  0.75 – 0.90 High energy density i. Safety concerns 
ii. Higher power output requires 
higher temperature conditions. 
 Vanadium Redox 
Flow 
1000 - 1500 20- 
70Wh/l  
>1s 0.65 -0.90  i. Long lifetime of 10,000 – 100,000 
cycles. 
ii. Can be used exclusively for high 
power or for high energy applications. 
i. High cost. 
ii. Low energy density 
Power-to-gas  
(Fuel cell systems) 
1500 – 2000 750Wh/25
0 bar 
10min  0.62 – 0.82 High energy density  i. High manufacturing costs 




500 – 1000  0.27 – 1.5 
Wh/l  
>3 min 0.65 - 0.87 Good for RE integration  i. Limited to areas where water 
bodies are present. 





700 -1000  3-6 Wh/l 3 - 10 min  0.50 – 0.89 Very high storage capacities in 
underground sites. 
 
i. Low roundtrip efficiency. 
ii. Leakage potential at high pressures 
Supercapacitors 1000-3000 2-10 Wh/l 0.3 – 1ms 0.84 - 0.97   i. High power density 
ii. High charging efficiency 
iii. Swift response to fluctuations in 
power demand or supply. 
iv. Long lifetime 
i. High self-discharge rate 
ii. Unsuitable for long-term storage 
needs 
Flywheels 250 – 350 80- 200 
Wh/l  
0.1 - 4s 0.85 – 0.95 i. High power flows. 
ii. Excellent ageing features. 
High standing losses. 
Super Magnetic 
Energy Storage 
200 - 300 0.5 -
10Wh/l 
 0.95-0.98 i. High efficiency  
ii. Fast response time 
Low energy density at high cost. 
 [5], [9]–[13] 
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2.2 Benefits of Energy Storage in Electrical Energy Systems 
Energy storage systems provide numerous technical, economic, and environmental benefits 
[14], [15] in ensuring the power system is more stable, reliable, has less voltage and frequency 
deviations and is cost effective when deployed in a system.  
 
(a) Technical benefits: 
 
From a technical viewpoint, the use of energy storage systems brings many benefits to a 
generation, transmission or distribution network and consumers. At the generation and 
transmission level of the power system network, storage systems are capable of providing 
spinning reserve, for providing starting capability after an outage (black-start) and 
decongesting networks by providing an alternative power flow path [16] . They can provide 
capacity firming and smoothening for renewable energy sources within a network [16]–[19],  
provide peak load shaving to bring down high demand to a level that can be met by the available 
generation capacity [17], [20], [21], as well as  manage voltage and frequency fluctuations [20], 
improve reliability [16], [17] and reduce reverse power flow [12], [16]. 
 
 
(b) Economic benefits: 
 
The charging of energy storage systems when energy prices are low, to be discharged and sold 
when energy prices are high, is known as energy arbitrage, and is a potential revenue stream 
for the owner of an ESS [20], [22]. ESS can also delay the investment costs of expanding 
distribution or transmission network infrastructure by providing stored energy to meet growing 
energy demand [16]. 
In addition, they can be used to avoid penalties resulting from excessive use of power beyond 
the network maximum demand set for a customer, by lowering demand to within the 
recommended limits. Similar penalties can also be avoided by distribution network operators 
(DNO) when energy is allocated daily to them by the System operator. If a DNO rejects some 
of this, a penalty is to be paid by the DNO to the transmission company for the unexpected loss 
of revenue. A DNO with an ESS in place, can however, avoid these penalties, while the ESS 







(c) Environmental benefits: 
The inclusion of ESS in power networks reduces the need for fossil-fuel-based generation 
at every hour of the day. Demand is met by ESS, instead of diesel generators only. In 
addition, the avoided emissions from reduced use of conventional generators and increased 
use of  wind or solar power  shows a positive impact from use of energy storage systems 
[19]. 
 
2.3 Deterrents to The Implementation of Energy Storage Within Grid 
Networks 
Despite the many benefits of installing energy storage systems as provided in the previous 
section, the incorporation of storage system comes with some drawbacks.  
Firstly, storage systems are deemed to be costly [16] as they require replacement at intervals 
to match their lifetime with that of the project lifetimes. The presence of cheaper alternatives 
which can also provide the flexibility options offered by ESS such as dispatchable power 
plants, demand management strategies and smart grids, also make the economic case for 
storage system deployment more difficult. 
Other barriers include insufficient or unfriendly regulatory policies supporting it  [23], physical 
limitations due to storage location, the environmental concerns associated with its disposal 
when it reaches end-of-life, degradation in energy output while in operation or as a result of 
regular cycling, and the energy leakage  rates when in storage or in operation.  
However, research is ongoing to develop new materials for electrodes and electrolytes, improve 
power and energy densities, reduce self-discharge and so forth.  All these aim to improve the 
efficiency, performance and lifetime while reducing costs associated with their manufacture 
[5], [12]. 
 
2.4 Hybrid Energy Storage Systems (HESS) 
The different features of energy storage systems is presented in sub-section 2.1, and as far as 
current trends in storage technologies have gone, there is evidence that no single energy storage 
system can meet all the services and benefits needed to satisfy a particular system considering 
its technical, financial, environmental limitations and constraints [5], [24] . Thus, a hybrid of 
two or more energy storage systems can be deployed together to provide a wider range of 
benefits in the networks they are deployed in – such as satisfying high power demands or supply 
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as needed, providing energy for hours rather than minutes and being cost-effective and 
profitable, all at the same time [8], [12], [25], [26]. Hybrid energy storage systems reduce total 
investment costs of deploying a storage systems, improve total system efficiency and increase 
the lifetime of the components of the individual storage systems and the overall network [9], 
[27].  
HESS are applicable for mobile applications in the transport sector [28],  in distribution 
networks [29] or at the transmission level to control ramp rate of solar PV power plants [30]. 
 
2.5  Mutual Benefit of Storage Systems in HESS 
When two storage systems are combined to form a HESS, there is a potential for mutual benefit 
to both storage systems, to the network or to other stakeholders such as investors. These could 
be either technical, economical, or environmental benefits. The commonest HESS 
configuration is the battery-supercapacitor HESS. The benefits of this HESS include reducing 
overall storage costs while improving performance under high wind fluctuation conditions 
[31], reducing the Net Present Value (NPV) when controlling ramp rates of PV systems [30] 
and reducing stress and extending battery life [32]. 
 
With other HESS configurations, the current oscillation of a battery in a battery-flywheel HESS 
is reduced while grid power quality is improved [28] and a battery in a SMES-battery HESS is 
protected from brief and frequent cycling which reduces its lifetime.  Similarly, a fuel-cell and 
battery ESS [33] working together prevents the fuel-cell output from fluctuating frequently 
while maintaining the battery’s state of charge within a suitable range. Adding an ultracapacitor 
to this kind of HESS helps prolong the battery lifetime as the UC absorbs the imbalance in 
power before the battery needs to [34].  
 
These and more, point to the fact that there are significant benefits of hybridising storage 
systems rather than using a single storage system. The energy management of the hybrid energy 
storage systems within a network still aims to provide reliable energy at lowest costs to the 
storage system owner, network operator, the consumers, and all relevant stakeholders. 
 
2.6  Stacking of Values Provided by a HESS 
As mentioned earlier, there are different benefits available from the use of storage systems by 
several users within a network. In order to make storage system investments more profitable, 
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multiple use cases can be developed and assessed. [2], [19], [23], [35] considered multiple 
applications of a storage system for energy time-shifting, improving wind capacity firming, 
reducing users’ economic loss and emissions reduction.   
 
At the transmission level, ESS offering energy arbitrage and enhanced services for the Irish 
transmission network were assessed by [36] and showed that the introduction of scalars 
improved the potential for ESS profitability. Similarly, at the distribution level, voltage 
regulation and solar PV-capacity hosting were the most profitable services offered by the 
storage system [23]. Within a microgrid, stacked benefits which improve the economic 
feasibility of the storage systems include load following, peak shaving and outage mitigation 
services [35]. 
 
2.7  ESS Optimisation 
The problems associated with energy storage systems deployed in offgrid or grid-tied electrical 
networks generally revolve around optimal siting, sizing or operation of the storage system 
[12], [18], [21], [32], [37], [38]. Analytical methods, mathematical programming, evolutionary 
methods and heuristics are recognized as useful tools in solving these problems [13], [16], [39] 
Using mathematical optimisation, an optimal energy management problem of a storage system 
problem may be formulated as either a maximisation or a minimisation problem [40] with 
defined objective(s) and subject to specific technical, economic or environmental constraints.  
 
Common technical constraints incorporated in models include the state of charge limits of the 
storage systems, charging and discharging power limits, ramp rates of the storage system, 
number of cycles, limited change of states, power demand-supply balance, ramp rates of the 
energy sources, simultaneous charging and discharging of the storage systems, etc.[12], [18], 
[41]–[44]. Economic constraints typically include limitation on the amount the stakeholder is 
willing to invest in the storage system installation and operation. 
 
Based on these and other constraints, optimisation models are developed to solve one or more 
of the storage problems of optimal sizing, siting and operation. With the stakeholder as a 
distribution network operator, a multi-objective function minimising losses, peak demand and 
energy are proposed [38]. A similar multi-objective model developed to minimise grid costs 
and emissions in a network using different battery technologies reveals that the lithium-based 
batteries performed better than the vanadium redox flow batteries, when used in energy 
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arbitrage and peak shaving scenarios [45]. Additional objectives that could be considered 
include reduced line loss, output power of the supercapacitor, power loss rate and reduce lost 
cost of the feeder, while considering demand side management and interruptible loads [29].  
 
Within microgrids, the objectives for power systems with storage systems include maximising 
profit for the microgrid owner [35], [46] and from electricity trading [40]. Objectives for 
optimal operation including maximising feed-in-tariff revenue and the use of solar PV 
simultaneously while reducing grid supply [47] and minimising operating costs while 
considering battery degradation and load shedding costs [48] have been presented in recent 
literature. Additional considerations by [18] investigated reliability and resilience when sizing 
storage systems and found that storage sizes are reduced when microgrids are networked. In 
addition to sizing, siting and operational constraints considered in optimisation models, [32], 
[48]–[50] have included the effect of storage degradation in siting, sizing and operation of 
storage systems in power network systems. 
 
A brief empirical review of selected literature discussed above which focus on the sizing, siting 
or operation (scheduling) of storage systems is presented in Table 2.2. The optimisation 
techniques, results, limitations, and future work of research studies on storage systems are 
presented in a historical manner over the years 2014 to 2019. 
 
This work presents energy management of microgrids with energy storage systems 
incorporated in them. Energy management is essential in utilising the energy storage systems 
efficiently to prolong its lifetime while considering the minimisation of all associated costs of 
the network’s operations. A mathematical optimisation approach is adopted in the study, with 
varying objectives of minimising total system costs, daily operational costs and maximising 
incomes from deployed HESS options in microgrids. These objectives are subject to technical 









Table 2.2:  Historical review of selected literature on energy storage systems 
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Chapter 3  
TECHNO-ECONOMIC ANALYSIS OF STORAGE 
DEGRADATION EFFECT ON LEVELISED COST OF 
HYBRID ENERGY STORAGE SYSTEMS 
Azizat O. Gbadegesin, Yanxia Sun, Nnamdi I. Nwulu 
 
This chapter is based on a paper published in the journal - Sustainable Energy Technologies 





The inclusion of storage systems in renewable-based energy systems is a promising option to 
boost the reliability of power supply for offgrid communities. A major consideration is the cost 
and performance of the selected storage system. This study investigates different energy 
storage combinations to form a hybrid energy storage system (HESS). The goal is to exploit 
the complementary characteristics of each storage system. The effects of system degradation 
on energy output and replacement costs over a 20-year period are analysed and used in 
obtaining the Levelised Cost of Hybrid Energy Storage Systems (LCOHESS); which can be 
used as a basis for comparing the techno-economic benefits of different HESS configurations. 
The model is run with data for a community in the Northern Cape Province, South Africa, to 
show the best HESS option that could be deployed by rural electrification planners and 
investors, based on the value of LCOHESS obtained. 
 
Keywords: 
Techno-economic, Hybrid energy storage system, Storage degradation, Levelised Cost of 






Electricity has been identified as one of the most important driving forces in national 
development, as it affects all spheres of the community – economic, health, education, 
employment and industrialisation. The provision of electricity in this day focuses on its 
availability, reliability and affordability. Renewable energy (RE) sources have been adopted 
and deployed in many off-grid projects recently. However, incorporating RE sources has raised 
concerns about the level of reliability due to the intermittency of solar and wind supply, and 
solutions proffered include adopting energy storage options like batteries, flywheels, pumped 
hydro storage systems, supercapacitors, fuel cell systems, etc.[9], [13]. The inclusion of energy 
storage in RE-based system improves the penetration of RE sources for power production  [13], 
reduces fuel costs and emissions from fossil-fueled generation sources [15] and maximises the 
reliability of the power system  [3]. In South Africa, the energy storage systems which show 
most promise include lithium ion batteries and supercapacitors, while those with moderate and 
limited potential include sodium sulphur batteries, flywheels, hydrogen fuel cells, sodium 
nickel chloride batteries [60], [61]. 
The following sections present a review of hybrid energy storage systems (HESS) as they 
function in grid-tied and off-grid systems; characteristics of single storages; basis for selection 
of storages for a HESS and its associated system costs and concludes by analysing the levelised 
costs of five hybrid energy storage system configurations. 
 
3.2 Literature Review 
Different storage options have their particular attributes which make them more suitable for 
some applications than others, whether deploying them for load shaving, price arbitrage, peak 
demand curtailment, or in electric vehicles. The attributes such as response times, energy 
densities, power densities, size, cost of operation and other technical and economic criteria can 
serve as a basis for the choice of storage systems in every design situation. In order to take 
maximum advantage of these technical parameters and operating characteristics, a coupling of 
two energy storage systems can be combined to form a hybrid energy storage system (HESS) 
[9], [26]. The resultant HESS adopts the complementary attributes of its sub-storage systems 
to improve on its technical and economic characteristics. 
Hybrid energy storage systems can be installed in grid-tied systems which require smoothening 
of power generation in short periods and storage for night use, as in a battery-supercapacitor 
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hybrid design by [24]. The selection of storage systems to form a HESS could be based on the 
combination that gives the highest Net Present Value (NPV), [62] or based on the effects of 
regulations, policies and technical and financial constraints [56]. Techno-economic criteria for 
power-dense and energy-dense storage systems were evaluated using a decision matrix [26], 
while another study [63] considered load demand satisfaction and cost.  
It is also important to investigate the effect of system wear and tear or degradation, since the 
storage capacity of the systems may be reduced after being in use for a while. Capacity 
degradation occurs as a result of frequent charge-discharge cycling, depths of discharge 
reached and temperature [48]. Storage cycles are dependent on operating strategies and [25] 
designed a two-layer structure for operating a battery-supercapacitor HESS to cater for 
different operating time scales. The cycling of the storage system also has a profound effect on 
the lifetime, as a higher number of cycles generally result in a shorter lifetime. This was shown 
in [50], where costs were assigned to battery cycles with the aim of obtaining an optimisation 
approach close to the true costs of operating the battery. The influence of degradation on the 
economic viability of storage systems in regulatory markets was presented in [64]. 
In [53], the authors identify the Levelised Cost of Energy Storage (LCOES) as the breakeven 
price of charging and discharging electricity from batteries. Another study on the Levelised 
Cost of Energy (LCOE) for Li-Co2 batteries considered the degradation costs per cycle and per 
kWh and recommended that the cost of Li-Co2 batteries needs to be reduced to $200/kWh to 
be economically competitive [65]. When considering time-scales in analysing LCOS for the 
lithium-ion battery, costs were lowest for shorter durations (hours and days), but expensive for 
long (seasonal) storage purposes [22]. The inclusion of more revenue sources for storage in 
grid networks via ancillary services, demand charge mitigation and demand response also 
found that lithium-ion batteries give better returns on investment [6]. Comparatively, LCOS 
analysis of a pumped heat energy storage system [66] showed it as being cost-competitive with 
other storage options depending on the efficiency of the system and capital cost incurred. In 
most of these works studied however, the degradation costs of other storage options or hybrid 
storage systems were not considered in their analyses. A grid-tied system in which the storage 
is used for energy arbitrage considers battery degradation and authors incorporated a penalty 
factor in the objective function [49],  but operating and maintenance costs were not included 
in their analysis either. Similar work on batteries in grid-tied networks studies the effect of 




From the above, a lot of research has gone on in the area of energy storage – its applications, 
hybridisation, technical and economic benefits, and so forth. Some literature have presented 
studies on technoeconomic aspects of single storage systems, but very few (to the best of our 
knowledge) have investigated the techno-economic analysis of different HESS configurations, 
with the effects of system degradation on the levelised costs of storage of the HESS considered 
too. This work contributes to knowledge in the field of electrical energy storage for stationary 
applications by considering the effects of storage system degradation on the overall 
performance and system costs of each HESS over the project lifetime (of 20 years). A microgrid 
consisting of solar PV panels, wind turbines and diesel generation is used to verify our 
developed methodology. Investigation of the effects of storage system degradation on the 
economics of storage systems is crucial since it provides a suitable benchmark for comparing 
HESS systems and this affects the decisions of project planners, investors, end users and all 
stakeholders involved in deploying HESS systems. 
 
3.2.1 Hybrid energy storage systems 
 
This is a combination of different energy storage systems based on their individual 
characteristics to give a system with better characteristics [9], [24] – higher energy density, 
higher power density, faster response times, extended battery life [21], lower annual number 
of cycles, [54], less replacement costs [57], etc. 
Several storage options are available globally – on a small or large scale, with different 
geographical, resource, space or cost constraints. Within the South African energy market, 
storage technologies identified to have a high relevance based on maturity, performance and 
reliability include lead acid batteries, lithium ion batteries and supercapacitors [61]. Also, 
programmes to exploit platinum reserves and promote research on hydrogen and fuel cell 
technologies are ongoing in South Africa, as it has been identified to have over 75% of the 
world’s platinum reserves [67]. Thus, lead acid batteries, lithium ion batteries, supercapacitors 
and hydrogen fuel cells are being considered for the HESS configurations in this study. 
 
Hydrogen fuel cells (HFC) 
The Hydrogen fuel cell (HFC) system consists of a stack of fuel cells, an electrolyser, a 
hydrogen storage tank and auxiliary components like pumps, compressors, humidifiers, etc. 
Excess electricity is used to break down water molecules to produce hydrogen gas and this is 
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stored in the tank. When electricity is needed, the fuel cells generate electricity from the stored 
hydrogen gas. 
HFCs have a higher energy density under low temperatures, are capable of long-term storage, 
have low self-discharge losses and can support long-term, steady-state operation [68].  
 
Supercapacitors 
They are used for their fast charge–discharge rates and very high power density which makes 
them suitable for handling surges in power demand [27]. They are also characterised by high 
roundtrip efficiency of about 95% [69] and a large number of life cycles. 
 
Lithium-ion batteries 
The Li-ion battery characteristics make them applicable for RE-based systems, but a slight 
drawback is the higher cost when compared with lead-acid batteries. In this study, a deep-cycle 
LiFePO4 type of Li-ion battery has been selected, over a Lithium-NCA type. The Li-FP type’s 
ageing is less affected by the depth of discharge (DoD) and it has greater abuse tolerance [49]. 
It has a 100% depth of discharge feature, operates at close to 100% of its designed performance 
between temperatures of 20°C and 60 °C and has a lifetime of 3000–5000 cycles. Its 
degradation in capacity output after a certain number of cycles is presented in Table 3.1 [70], 
which will be used to obtain the expected total energy output over the project lifetime in 
‘Levelised Cost of Hybrid Energy Storage System (LCOHESS)’. 
 
 Table 3.1: Capacity degradation and cycle ranges of Li-Ion battery [65] 
 
Cycle ranges (CRN) 
Capacity Degradation 
constant (dfN) 
Capacity at 100 cycles 102% 
Capacity at 101 – 500 cycles 96.3% 
Capacity at 501 – 1000 cycles 90.8% 
Capacity at 1001 – 1500 cycles 85.4% 
Capacity at 1501 – 2000 cycles 80.1% 
Capacity at 2001 – 5000 cycles 75% 
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Lead acid batteries 
Among all batteries used in RE applications worldwide, lead acid batteries are the most used, 
varying in ratings (75 Ah, 100 Ah, 200 Ah, 240 Ah), types (absorbent glass mat (AGM), gel, 
flooded), and sizes (2 V, 6 V, 12 V, 24 V). They have longer lifetimes when discharged to a 
smaller depth of discharge (DoD). The economic implication of this, is the higher 
implementation costs, as more batteries are needed. 
 
3.2.2 Justification for selected EES combination for the HESS 
In analysing which storage technologies should be considered for a HESS in a RE-based offgrid 
system, three technical and three economic factors were considered. These include power 
density, energy density and response time, while the economic factors were the initial cost of 
equipment and installation, replacement costs and operational lifetime [26]. In this work, HFCs 
which have high energy density and slower response times are coupled with systems that have 
high power density and faster response times, such as supercapacitors and batteries. This 
ensures that even for sudden power demands or supplies of a different timescale (seconds), the 
fast-acting sub-storage of the HESS can provide or absorb power to restore the system balance.   
Also, supercapacitors which are relatively expensive are coupled with less expensive systems. 
Summarily, a combination which can reduce the total investment costs over the project lifetime 
with improved overall system efficiency was sought and these are considered for further 
analysis as shown in Table 3.2): 
 
 Table 3.2: Combination of sub-storages meeting the six techno-economic criteria of the HESS 
 HESS 1 HESS 2 HESS 3 HESS 4 HESS 5 
 HFC Li HFC Pb HFC SC SC Pb SC Li 
High power density  Y  Y  Y Y Y Y Y 
High energy density Y Y Y Y Y   Y  Y 
Fast response time  Y  Y  Y Y Y Y Y 
Low capital costs  Y  Y  Y Y Y Y Y 
Low replacement costs Y  Y  Y Y Y  Y  
Long lifetime Y  Y  Y  Y  Y  
Y- Yes: for storages exhibiting that attribute more, relative to the second storage in the 
HESS 
HFC- Hydrogen Fuel Cell 
Li – Lithium-ion battery 





System 1: Hydrogen Fuel Cells (HFC) and Lithium-Ion batteries (HFC – Li-ion HESS) 
System 2: Hydrogen fuel cells (HFC) and Lead-acid batteries (HFC-Pb- acid HESS) 
System 3: Hydrogen fuel cells (HFC) – Supercapacitors (HFC-SC) 
System 4: Supercapacitors and Lead-acid batteries (SC – Pb-acid HESS) 
System 5: Supercapacitors – Lithium-ion batteries 
 
3.3   System Modelling 
The power generation sources in this study comprise of solar photovoltaic (PV) panels, wind 
turbines and diesel generating units [71] while the storage system is a hybrid configuration of 











The microgrid system discussed in previous sections and depicted in Figure 3.1 is modelled 
with the Eqs. (3.1) – (3.11) using the Advanced Interactive Multidimensional Modelling 
System (AIMMS) software. The methodology used in obtaining the LCOHESS is depicted in 
Figure 3.2.  
The objective function of the model minimises the fuel costs of the diesel generator. The system 
costs of the wind turbines, solar panels or diesel generator providing power are not included in 
the simulation in this study. Similarly, the storage costs are not included in, and do not influence 
the simulation. But when the model is run with the aim of minimising diesel costs, the results 
 
 




































obtained from the simulation determine the storage capacity and costs considered in more detail 
in ‘Levelised Cost of Hybrid Energy Storage System (LCOHESS)’. 
 
Figure 3.2: Flowchart of methodology of computing LCOHESS 
 
The power output from the diesel generator for every hour within a 24-hour period is 
represented by PDG(t), Cf is the cost of diesel per litre and the constants a, b, and c, are the 
diesel generator coefficients [72]. 
Minimise 𝐶  ∗  ∑ (𝑎𝑃 (𝑡) + 𝑏𝑃 (𝑡) + 𝑐)     (3.1) 
 
From [73], we have the wind speeds at hourly intervals, VW(t), and can obtain the power 
available every hour of the day from a wind turbine with rated power PR from; 
𝑃 =  𝑁 ∗  
( )   
(  )
         for VCI <= VW(t) <=VWR      (3.2) 
PR is the rated power of the turbine, VCI and VCO are cut-in and cut-out speeds of the turbine, 
VWR is the rated wind speed for the turbine and NWT is the number of installed wind turbines. 
For wind speeds outside the range in Equation (3.2), the following conditions hold [74]: 
  𝑃 = 0    for VW(t) < VCI and VW(t)> VCO     (3.3) 




Similarly, the hourly solar PV power, PPV(t) for actual solar radiation values from [73] are 
obtained from Equation (3.5), where the efficiency of the PV panels is represented by ηPV, solar 
irradiation is G(t), the area of one panel is APV and the number of installed panels is NPV. 
 𝑃 (𝑡) =  𝑁 ∗    ∗ G(t) ∗ 𝐴                             (3.5) 
Thus, the total power supplied is given as: 
𝑃 (𝑡) =   𝑃 (𝑡) + ( ∗  𝑃 (𝑡) + 𝑃 (𝑡)  (3.6) 
where PSUPPLY(t) is the total power supplied from the diesel generator - PDG(t), the solar PV 
panels - PPV(t) and the wind turbines, PW(t) at every time interval. The efficiency of the inverter 
is denoted by  (see Table 3.3). 
An energy storage system must be sized to meet the power and energy requirements of the 
loads and supply [75]. Thus, power needed to charge the HESS, PHESS-CH and the power 
discharged from the HESS, PHESS-DCH, are computed as: 
𝑃 (𝑡) =  𝑃 (𝑡) −  𝑃 (𝑡);     t > 0;            (3.7a) 
𝑃 (𝑡) =  𝑃 (𝑡) +  𝑃 (𝑡)                     (3.7b) 
 𝑃 (𝑡) =  𝑃 (𝑡) −  𝑃 (𝑡) ;  t > 0;           (3.8a) 
𝑃 (𝑡) =  𝑃 (𝑡) + 𝑃 (𝑡)                (3.8b) 
 
where PLOAD(t) is the hourly load demand, PESS1-DCH(t) and PESS2-DCH(t) are the powers 
discharged from sub-storages 1 and 2 respectively and PESS1-CH(t) and PESS2-CH(t) are the powers 
used to charge sub-storages 1 and 2 respectively. In Equations 3.7a and 3.8a, the powers 
charging the HESS (PHESS-CH(t)) and discharged from the HESS (PHESS-DCH(t)) respectively, are 
obtained as a result of the difference in power supply and load within the interval t. With power 
supply more than load, the HESS charges, while in Equation 3.8a, the HESS discharges to 
supplement power supply to meet the load. For each HESS, the sub-storages contribute to the 
power to charge or discharged from the overall HESS as presented in Equations (3.7b), (3.8b) 
[7] based on the limitations that: 
- within every interval, either sub-storage 1, sub-storage 2 or both can charge, or discharge or 
be idle: 
- neither of the sub-storages charge and discharge within the same time interval 
- the power demand-supply balance at every interval is maintained. 
- the energy demand-supply balance of the day is achieved. 




The constraints used in this model are presented in Equations (3.9a) – (3.11). The power 
balance constraint is shown in (3.9), ensuring that all power generated is used up or stored, and 
that all power demanded is met by one or more of all the supplies and storage. 
𝑃 (𝑡) +  𝑃 (𝑡) =   𝑃 (𝑡) +  𝑃 (𝑡) +  𝑃 (𝑡) +  𝑃 (𝑡)     (3.9a) 
𝑃 (𝑡) ∗   𝑃 (𝑡) = 0       (3.9b) 
𝑃 (𝑡) ∗   𝑃 (𝑡) = 0           (3.9c) 
The state of charge of the HESS, SCHESS(t), at every time interval is defined in (3.10) below, 
and the constraint limiting the state of charge between the minimum (SCHESS-MIN) and 
maximum (SCHESS-MAX) storage capacity is defined in (3.11): 
𝑆𝐶 (𝑡)  =  𝑆𝐶 (𝑡 − 1) + 𝑃 (𝑡) − 𝑃 (𝑡)           (3.10) 
𝑆𝐶 _ ≤  𝑆𝐶 (𝑡) ≤  𝑆𝐶                                     (3.11) 
 
Table 3.3: Values of parameters used in the model 
SOLAR PV  WIND 
Area of one panel - APV (m2) 1.9188 Rated power of turbine- VWR (kW) 3  
Efficiency of panel -   0.1668 Rated wind speed (m/s) 10 
DIESEL GENERATOR Cut-in speed- VCI (m/s) 2 
Cost of diesel per litre ($) 0.9 Cut-out speed- VCO (m/s) 40 





Efficiency of inverter   0.95 
 
The load ranging from a minimum of 9.42 kW to a maximum of 69.58 kW, as shown in Figure 
3.3 was also used in the model. 
 
 


















































































The result of the system modelled above is presented in Figure 3.4 and is analysed to obtain 
the optimal power needed from the hybrid energy storage system. This optimal power is crucial 
in obtaining the LCOHESS as the cost of storage is highly dependent on the power required of 
the storage system [76] and the maximum state-of-charge obtained [43]. The cost of storage 
systems is normally presented in relation to its energy capacity ($ per kWh) or in relation to its 
power capacity ($ per kW) [24], [43]. 
 
 
Figure 3.4: Power supply, loads and HESS status over a 24-hour period 
 
The charging of the storage system is presented in Figure 3.4 as the positive slope of the PHESS-
CHG and PHESS-DCHG line, while discharging occurs during the negative or downward slope. At 
periods when the load is more than supply (such as from 6.00 to 8.00 and 17.00 to 19.00) the 
HESS discharges to satisfy the unmet demand. Similarly, it charges when load is less than 
supply (such as from 00.00 to 05.00 and 14.00 to 16.00) Evaluation of results from Figure 3.4 
give the highest power discharged from the HESS at any interval as 38.94 kW, while the total 
energy discharged from the HESS is 95.64 kWh. Thus 38.94 kW is used as the minimum 
capacity of the HESS that satisfies the limits and constraints of the system design. This is 
equally split between the two ESS, requiring that each ESS of the HESS must have minimum 
capacity rating of 19.47 kW, and able to supply 47.82 kWh during the day. The system costs 
for each kind of storage system considered based on this minimal capacity requirement is thus 













































































HESS charging and discharging pattern
PSUPPLY PLOAD PHESS- CHG and PHESS-DCHG
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system costs. In addition, the rain-flow cycle counting method and sample waveform of [54] 
is adopted to obtain the number of cycles of the HESS (denoted by m in ‘Levelised Cost of 
Hybrid Energy Storage System (LCOHESS)’). Applying this to the storage charge-discharge 
pattern (PHESSCHG-and- PHESS-DCHG line) in Figure 3.4 gives 3 cycles within a 24-hour period. 
This number of cycles passed through has a direct influence on energy output and lifetime and 
is considered in obtaining the levelised cost of the different HESSs. 
3.3.1 Levelised Cost of Hybrid Energy Storage System (LCOHESS) 
 
Levelised cost of energy (LCOE) is obtained as a ratio of the lifetime costs of the system to the 
lifetime energy production. It was developed as a means of comparing electricity costs from 
renewable energy sources and from conventional sources [66]. Thus, it is useful in comparing 
technologies with differing lifetime costs, capacities and potential revenue. The levelised cost 
of storage (LCOS) framework in [66], [77], [78] based on the LCOE formulation is adapted 
and improved upon for a hybrid energy storage system to give the Levelised Cost of Hybrid 
Energy Storage Systems (LCOHESS). The effect of degradation on the lifetime energy output 
of the hybrid storage system (EHESS(t)) is included in this work to capture the importance of 
degradation in making informed decisions on the choice of hybrid storage systems to be 




=   
 ∑
( )




                                       (3.12) 
 
with TEIC representing Total Equipment and Installation Costs, TOM as Total Operating and 
Maintenance costs, TREP as Total Replacement costs and EHESS as the expected energy output 
from the HESS with degradation incorporated. The discount rate r and project lifetime n is 
taken as 8% and 20 years respectively. Further details on these costs are given in ‘System Costs 
of a Hybrid Energy Storage System’. 
In LCOS analysis, data required for calculations include the daily cycles, degradation factors 
and its associated range of cycles for the storage systems and the project lifetime. E0 represents 
the energy output on the first day of operation, thus not having gone through any degradation. 




In Equation (3.13), the daily number of cycles is represented by m (from ‘System modelling’), 
CRn represents the cycle range associated with the degradation factor, dfn (see Table 3.1) and 
kn represents the number of years the system shall operate under the corresponding dfn, 
𝑘 =  
∗
                                                   (3.13) 
The operational lifetime (in years) for which the ESS can operate is obtained by adding all the 
values of kn. The number of replacements that would be required during the operational lifetime 
of the system is given by iREP: 
𝑖 =  
 
∑
                    (3.14) 
With E0 representing the initial energy discharged from the storage system in the first day, the 
total energy discharged from the hybrid system during its lifetime, EHS is shown as; 
𝐸 =  ∑ (𝑑𝑓 ∗ 𝐸 ) ∗                 (3.15) 
Thus, the total energy output from the storage system throughout the project lifetime, which is 
required in Equation (3.12) is given thus: 
𝐸 = 𝐸  ∗  𝑖                     (3.16) 
 
3.3.2 System Costs of a Hybrid Energy Storage System 
 
The total system costs are obtained from the equipment and installation costs, operating and 
maintenance costs and costs of replacement. 
 
Equipment costs (TEIC): These involve both equipment and installation costs and are referred 
to as capital expenditure (CAPEX) [66] or investment costs [78]. Typical costs of equipment 
include the cost of purchasing batteries, electrolysers, fuel cells, supercapacitors and hydrogen 
storage tanks, etc. Market prices of these components vary depending on the size. Installation 
costs incurred include cost of software licenses, accessories, labour costs for installation and 
all civil work that might be required for commissioning of the system. The combined 
equipment costs for each of the sub-storage systems based on the capacity rating (19.47 kW 
and 47.82 kWh) gives the equipment costs of the HESS combination. Prices of the storage 





Table 3.4: Average costs of energy storage system equipment 
Equipment  Unit Cost 
HFC system (per kW)  $4,485  
12V 200Ah Lithium-ion batteries  $2,399  
12V 240Ah AGM Lead acid batteries  $721  
125F Supercapacitors $2,300 
[79]–[81] 
 
Operation and Maintenance costs (TOM): Maintenance costs could be incurred as inspection 
costs – involving physical inspection for bulges or dents, damaged terminals or adequate 
ventilation for batteries, or monitoring leakages in the HFC system tubes and tanks. It could 
also include purchase and installation of small spare parts. 
 
Replacement costs (TREP): These are determined by the number of years the initial installation 
lasts for and include the costs of a new set of equipment and its associated installation costs. 
The number of replacements required over the project lifetime is given by iREP in (3.14), thus 
TREP is: 
TREP($) = TEIC ∗ (i − 1)            (3.17) 
 
3.4 Results and Discussion 
In this study, different storage systems have been combined to form a HESS meeting certain 
technical and economic criteria. A comparison of these different HESS configurations based 
on the LCOHESS is presented below. The final determinant of which of the HESS to operate 
depends on which HESS has the lowest LCOHESS value. From the data and equations stated 
above, the Levelised Cost of Hybrid Energy Storage Systems are calculated, and the results are 
presented in Tables 3.5 and 3.6. 
From Table 3.5, the most economical HESS based on the LCOHESS evaluation which 
considers degradation in the storage system is identified as the Hydrogen Fuel cell and Lithium-
ion HESS. This is followed in order by the HFC–Lead acid HESS, the Supercapacitor-Lithium 
ion HESS, then the HFC-Supercapacitor and the Supercapacitor-Lead acid HESS. These 

















System 1:  
HFC-Li-ion  
138,286 12,571 146,309 586,799 0.5064 
System 2:  
HFC-Pb acid 
116,685 10,608 302,270 596,848 0.7197 
System 3:  
HFC-SC. 
905,664 16,093 96,064 655,306 1.5532 
System 4: 
SC– Pb acid 
830,221 9,235 206,206 638,254 1.6383 
System 5:  
SC - Li-ion  
851,822 11,198 50,245 628,204 1.4538 
 
 
A further analysis to establish the effect of degradation on final LCOHESS is presented in 
Table 3.6. Here, the effect of degradation has been excluded and it is assumed that the power 
output from the storage system is constant till a replacement is due or the project lifetime has 
been completed. 
 













System 1:  
HFC-Li-ion  
 
138,286 12,571 146,309 689,412 0.4310 
System 2:  
HFC-Pb acid 
 
116,685 10,608 302,270 682,112 0.6298 
System 3:  
HFC-SC. 
 
905,664 16,093 96,064 689,412 1.4763 
System 4: 
SC– Pb acid 
 
830,221 9,235 206,206 689,412 1.5167 
System 5:  
SC. - Li-ion  
 
851,822 11,198 50,245 696,712 1.3108 
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Previous literature, [66], [76] which presented the levelized cost of single storage systems did 
not include analysis on storage degradation. Considering the results presented in Tables 3.5 
and 3.6, it is seen that LCOHESS analysis needs to be inclusive of the effects of system 
degradation. In Figure 3.5, when degradation is not considered, we find all the HESS have a 
lifetime energy output within the range of 680 MWh–700 MWh. The variation in energy 
outputs of each HESS when comparing outputs with and without degradation as shown in 
Figure 3.5, varies from a minimum of 34.11MWh in the HFC-supercapacitor HESS to a 
maximum of 102.61MWh in the HFC-Lithium ion battery HESS. The figure also shows that 
the HFC-SC hybrid storage was found to have the highest lifetime energy output when 
degradation is considered. 
 
Figure 3.5: Lifetime HESS energy outputs - with and without degradation 
 
3.4.1 Sensitivity analysis 
 
As storage becomes more popular due to improvements in technology, inclusion of tax rebates 
and incentives in favour of adopting energy storage technologies, storage market prices could 
fall at the rate of 8.1% annually [15] over the next few decades. Even though these reductions 
do not have an impact on equipment and installation costs incurred in the first year, they would 
affect the replacement costs in the coming years and give lower LCOHESS values. 
It should be noted that although supercapacitor-based HESS do not benefit from decreasing 
storage prices as supercapacitors are not replaced during the project lifetime, the other ESS 































Comparison of lifetime HESS energy output
EHESS without degradation EHESS with degradation
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8% in storage prices over 20 years impacts the replacement costs, and in turn the LCOHESS 
as presented in Table 3.7. 
 
Table 3.7: LCOHESS with improved lifetime costs at 8% per year 
HESS 
configuration 
LCOHESS with degradation in 
energy output ($/kWh) 
 LCOHESS without degradation in 
energy output ($/kWh) 
HFC-Li 0.3595 0.3060 
HFC-Pb 0.3859 0.3376 
HFC-SC 1.4703 1.3976 
SC – Pb 1.4112 1.3065 
SC – Li 1.4030 1.2650 
 
A graphical comparison between the LCOHESS values with and without the annual 8% 
decrease in prices when degradation is not considered is also presented in Figure 3.6.  
 
Figure 3.6: Impact of annual 8% reduction on storage costs on LCOHESS 
 
Another factor which impacts on the LCOHESS is the degradation factor considered in the 
analysis. Future improvements in storage technologies can provide more efficient systems in 
which degradation may not play such a significant role. For this, the range of degradation 
factors from 100% to 75% after 5000 cycles is changed to a range of 100% to 85% after 5000 
cycles. With this consideration, the energy output of the HESS over its lifetime would be 





















Impact of reduced storage costs on LCOHESS
LCOHESS without 8% LCOHESS with 8%
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Table 3.8: LCOHESS with a maximum of 85% degradation in energy output 
HESS 
configuration 
LCOHESS with up to 85% 
degradation in energy output 
($/kWh) 
LCOHESS without 
degradation in energy    
output ($/kWh) 
HFC-Li 0.4942 0.4310 
HFC-Pb 0.6949 0.6298 
HFC-SC 1.5332 1.4763 
SC – Pb 1.6061 1.5167 
SC – Li 1.4400 1.3108 
 
The results of analysis presented in Tables 3.5–3.8, have detailed the effects of degradation on 
the Levelised cost of hybrid energy storage systems. The influence of future changes in storage 
prices and in degradation levels has also shown a significant difference in LCOHESS costs per 
kWh,when degradation is considered and when it is not (Tables 3.7 and 3.8). 
 
3.5 Conclusion 
Storage systems have shown a lot of promise in promoting the adoption of renewable energy 
systems worldwide. In this work, the optimal operation of an offgrid power system with hybrid 
energy storage systems incorporated in it, was analysed with the aim of reducing fuel costs of 
the diesel generator. Optimisation results were used in calculating the levelised cost of different 
hybrid energy storage systems based on their specific equipment, installation, operation and 
maintenance and replacement costs over a project lifetime of twenty years. The influence of 
storage system degradation on the LCOHESS was thereafter considered for the different 
combinations of HESS. From the analysis, the HFC-SC HESS has the highest lifetime energy 
output, when storage degradation is considered, while the Hydrogen fuel cell - Lithium-ion 
battery HESS was identified as the most cost-effective of all the HESS combinations based 
having the lowest LCOHESS value of 0.5064$/kWh. The impact of a future reduction in 
storage prices showed improved LCOHESS values from 0.5064$/kWh to 0.3595$/ kWh for 
the HFC-Li, while increased energy output due to technological advancements improved 
LCOHESS values from 0.5064$/kWh to 0.4942$/kWh. This study has also shown that the 
effects of storage system degradation should be emphasised in economic studies. 
Although some of the costs involved in deploying storage systems might seem prohibitive, the 
provision of financial incentives, grants, etc can boost deployment of hybrid energy storage 
systems (HESS) to promote RE penetration in offgrid communities.  
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Chapter 4  
STACKED VALUE STREAMS OF HYBRID ENERGY 
STORAGE SYSTEMS IN PROSUMER MICROGRIDS 
Azizat O. Gbadegesin, Yanxia Sun, Nnamdi I. Nwulu 
 
This chapter has been published in the Journal of Engineering, Design and Technology, Vol. 




Storage systems are deemed to be unable to provide revenue commensurate with the resources 
invested in them, thus discouraging their incorporation within power networks. In prosumer 
microgrids, storage systems can provide revenue from reduced grid consumption, energy 
arbitraging or when serving as back-up power. This study examines stacking these revenue 




With the aim of reducing self-consumption and maximising revenue, the prosumer microgrid 
incorporating hybrid energy storage systems (HESS) and solar PV power is solved using the 
CPLEX solver of the Advanced Interactive Multidimensional Modeling Software (AIMMS). 
The financial analysis of the results are carried out to provide the payback periods of different 
system configurations of the prosumer microgrid. 
 
Findings: 
The findings reveal that the payback period of the three HESS when minimising grid expenses 
during self-consumption alone and when compared with stacked revenue streams shows an 
improvement from 4.8 - 11.2 years to 2.4 - 6.6 years. With stacked HESS revenues, the 
Supercapacitor-Lithium ion battery HESS gave the shortest payback period of 2.31 years when 




Existing literature has considered revenue streams of storage systems at the electrical power 
transmission and distribution levels, but not for prosumer microgrids in particular. This study 
has captured these benefits and verified the profitability of stacking revenue from hybrid energy 
storage systems to prosumer microgrids, using a case study.  
 
Keywords: Stacked value streams, Hybrid Energy Storage Systems (HESS), prosumer 




Prosumers are users who generate and consume electricity with the aim of maximising self-
consumption [51], [82], and may export excess energy generated from their microgrid to the 
utility grid for profit. The generating sources include diesel generators, solar photovoltaic or 
wind power systems. The intermittency of some of these generating sources used in prosumer 
microgrids makes the energy management of such systems complicated. In many of such 
situations, storage systems are deployed to handle not just the intermittency of electricity 
producers in prosumer microgrids, but to also provide other technical, financial and 
environmental benefits when incorporated within any power network [83]  
In centralised grid networks, power from the generating stations is allocated by a system 
operator to distribution companies, who are penalised for the energy imbalance or revenue loss 
incurred by other stakeholders when they reject some of the power allocated to them [23]. 
Energy storage systems can help avoid these penalty costs incurred by distribution companies.  
Apart from penalty avoidance; penalty compliance, hosting solar PV systems and voltage 
regulation are some of the use cases developed for storage systems. Further benefits such as 
carbon dioxide emissions reduction, increased revenue from energy arbitraging, peak shaving 
and reducing fluctuations caused by renewable energy(RE) can also be offered by an energy 
storage system (ESS) owned by the distribution system operator [23], [45], [55], [84]. 
Further down the electricity distribution chain, ESS can still offer benefits to smaller networks. 
For grid-tied, offgrid, residential, industrial or commercial consumers and prosumer 
microgrids, ESS can provide financial benefits via  energy arbitrage, reduced grid or diesel 
expenses, reduced greenhouse gas (GHG) emissions penalties and provide energy time-shift 
[19], [35], [85]. While these financial benefits may be easier to quantify the contributions of 
energy storage systems, technical benefits such as improved reliability, voltage fluctuation 
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mitigation, congestion relief, decreased energy loss, distribution upgrade deferral or frequency 
stabilisation, are more complicated to quantify in monetary terms, but are nonetheless some of 
the improvements noticed in systems with storage systems included [19], [86]. 
In determining the services that can be provided by a storage project, there are some challenges 
that need to be considered. Technical specifications might require the storage system to provide 
certain conflicting services, so the storage system manager has to prioritise which service to be 
provided and at what costs they will be incurred while also curbing the rate of cycling, as 
unlimited cycling of the storage system affects its lifetime [64], [86], [87]. Secondly, for 
financial reasons such as maximising profit, it is essential to assess which services can bring in 
most revenue – energy arbitrage, maximum demand penalty avoidance or reducing grid 
consumption. 
Despite the many services that an ESS can offer, a perceived downside to their utilisation is 
the high capital costs and replacement costs involved. Energy storage systems are deemed to 
be expensive and give returns that are not commensurate with their investment, making it hard 
to assess that ESS investments can be profitable in a network [35], [36], [86]. [36] demonstrated 
that storage systems operated by transmission system operators may struggle for profitability 
under certain service payments; however, returns can be maximised through revenue stacking. 
Thus, in order to make a case for utilisation of storage systems, multiple value streams such as 
energy arbitrage, peak shaving, maximum demand penalties, and so on, need to be examined 
collectively to promote the inclusion of storage systems [35], [36], [86]. 
When stacking the financial benefits that storage systems can provide, the stakeholders 
determine which service is the most important one the storage system needs to offer. For a 
transmission network in Ireland [36], the most important services required are primarily, 
energy arbitrage, and then fast frequency response and provision of operating reserve. A 
distribution network required the storage system for energy arbitrage, frequency regulation and 
distribution investment deferral [86], while for a microgrid, load following, outage mitigation, 
peak shaving, and frequency regulation were required [35]. While these and similar works have 
focused on assessing the importance of storage systems to particular participants of the 
electricity value chain, none of the available literature have focused on the stacked storage 
services and associated revenues required to make storage systems financially viable in 
prosumer microgrids. In addition, reviewed literature generally consider just one kind of 
storage with its advantages and downsides, while this study explores taking advantage of the 
many benefits of using two complementary storage systems to form a hybrid storage system.  
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Summarily, this work investigates the possible savings, income generation and profit from a 
HESS aimed at improving self-consumption and providing energy arbitrage and back-up 
services within a prosumer microgrid. It seeks to assess, based on economic indices, which 
HESS configurations and storage system services are most profitable for the prosumer 
microgrid.  
The contributions of this work to existing literature include: 
 The design of an optimisation approach for the sizing of a HESS for prosumer 
microgrids considering techno-economic constraints of the prosumer microgrid and 
storage systems. 
 The capturing of benefits of stacking relevant revenue streams of a HESS to support 
their inclusion in prosumer microgrids. 
 The consideration of varying solar PV power penetration levels in a case study to 
depict their impact on the possible economic streams of the HESS. 
 Technical and economic analysis of the viability of stacked services of different 
HESS configurations suitable for prosumer microgrids. 
In the following sections, Section 4.2 expatiates on the relations between prosumer microgrids 
and storage systems while Section 4.3 presents the numerical models for different use cases of 
the hybrid energy storage systems in the prosumer microgrids. The results of the use cases and 
economic analysis of HESS is presented in Section 4.4. Section 4.5 presents the conclusions 
derived from this study. 
 
4.2 The Prosumer Microgrid and Energy Storage Systems:   
 
Within a prosumer network, a minimum of three services have been identified for a storage 
system to provide [88]. First, the storage system can act as a back-up power supply providing 
energy in cases of blackouts. Secondly, the storage system can earn revenue from energy 
arbitrage, buying electricity when the price is low and charging at this time, then selling the 
stored electricity when electricity prices are high. Thirdly, the storage system can help reduce 
the prosumer’s expected grid expenses by storing electricity when the price is low, to be 
consumed when the price is high.    
Thus, under certain conditions, maximal value can be obtained from an ESS to make it 
profitable and this profitability can be demonstrated via payback period and profitability index  
[19]. The economic potential for the investment in an energy storage system also offering load 
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following, peak shaving and outage mitigation services to the microgrid is also assessed with 
indicators like Net Present Value, Discounted Payback Period and Benefit Cost Ratio in [85]. 
An ESS also providing similar benefits with the aim of maximising profit to the microgrid 
owner is considered in [35]; however, the authors did not include grid integration and market 
research, but concluded that stacked benefits in grid scenarios considering life cycles can be 
evaluated in future research. For a prosumer network,[52]  scheduled the operation of a storage 
system with solar PV and grid  power, which reduced grid consumption and also carbon-
dioxide (CO2) emissions by about 63% and 3979 kg/day respectively. A brief overview of 
selected literature is presented in Table 4.1. 
 
4.2.1 PV-household prosumer microgrids and hybrid energy storage systems 
 
The inherent characteristics of storage technologies that can suit specific services include their 
rated power, charge and discharge duration, cycle life, response time and efficiency [86], thus 
an ESS technology is deemed to be compatible if its technical characteristics can match the 
required applications for which it is intended. Similarly,  the properties of storage technologies 
particularly suitable for prosumer microgrids include – scalability for small scale applications, 
capacity for long term storage, high energy efficiency, high C-rate and low investment and 
exploitation costs [89].  However, available limited storage technology options do not meet all 
criteria. An approach to working this out is via the use of hybrid energy storage systems (HESS) 
which can combine the required characteristics of different storage systems to give a hybrid 
storage system exhibiting these required characteristics suitable for a prosumer microgrid [9]. 
Hybridising storage systems not only provide these required characteristics suitable for a 
prosumer microgrid, but also provide mutual technical and economic benefits to the storage 
systems themselves. As an example, the benefits of hybriding storage systems were presented 
in the work of  [32]. The work focused on optimal sizing of the PV-battery system and modelled 
short- and long-term fluctuations, revealing a 0-61% extension of battery life and reduced 
battery stress when the battery operates as part of a battery-SC HESS. The work was however 






Table 4.1: Comparison of literature on stacked services of storage systems 
 [19] [85] [35] [90] [55] 
System type Garver 6-node 
test system 
Distribution 




































































































None Solar PV Wind at 
15,20,25,30,35% 
penetration. 
Fixed solar PV. 

























4.2.2  System Design 
This study focuses on a prosumer microgrid comprising solar PV power, grid power and a 









Figure 4.1: Design of components of the prosumer microgrid system 
 
Supercapacitors: Supercapacitors are characterized by very high energy storage efficiency, fast 
response time in milliseconds, high power density and long lifetime [9], [91]. The speed of 
their response and high-power density makes them useful in managing surges and spikes in 
RE-based networks. A downside however, is their low energy density. To address this, 
supercapacitors may be coupled with other storage systems to form a hybrid storage system 
capable of more functionalities. 
 
Lithium ion batteries: They are used in both mobile applications and stationary offgrid or grid-
tied systems as well. They are typically known for their high efficiency of 85-90% and long 
lifetime of about 10,000 cycles and are regarded as a promising storage option due to improved 
functionalities and declining prices [91]. 
 
Hydrogen fuel cells: Hydrogen is one of the fuel sources that can work in fuel cells to provide 
electricity, others being solid oxide fuels and ethanol fuel cells  [92]. Though with high initial 
costs, they are an environmentally-friendly alternative that is gaining ground in the 







Power flow direction 
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in offgrid and grid tied situations and they are also beneficial in reducing GHG emissions in 
power production processes [92]. Within South Africa, research is also ongoing to encourage 
the adoption of hydrogen fuel cells as South Africa has an abundance of raw materials needed 
to produce fuel cells. Scaling up on production, storage and transportation of hydrogen fuel 
cell systems and associated infrastructure would help address the major barriers to its large-
scale adoption – cost, reliability and durability. 
 
4.3 Mathematical Models of Revenue Streams from ESS Services for The 
Microgrid 
Three revenue streams available to prosumer microgrids through energy storage systems in 
residential prosumer buildings are considered in this study. These include avoided grid 
expenses from self-consumption, revenue from energy arbitrage and reduced diesel costs when 
there are grid outages for certain hours of the day. Revenue available to prosumers in these 
scenarios are modelled in the following sections and analysed thereafter.  
The variables and constraints that make up the mathematical model in this study are solved 
using the CPLEX 12.7 solver in AIMMS – the Advanced Interactive Multidimensional 
Modelling Software (see Appendix C). 
 
4.3.1  Self- consumption:  
 
In this case, electricity supply to the prosumer microgrid from the grid, storage system and 
solar PV system is modelled. Three scenarios are considered – grid power only (which is taken 
as the base case); grid power with the hybrid energy storage systems and lastly, grid power, 
solar PV power and the HESS configurations. Two levels of solar PV penetration – 50% and 
75% are also considered in the study. This is done to compare the savings achievable with 
smaller or larger solar PV systems for the different HESS operating under the same conditions. 
 
A0 – Base case – Grid only  
The base case for the prosumer microgrid is assumed to involve only power supply from the 
grid and the load of the prosumer microgrid. Thus, this scenario is depicted in Equations (4.1) 
and (4.2). 
𝑃 (𝑡) =  𝑃 (𝑡)    (4.1) 
∑ 𝑃 (𝑡) ∗ 𝐶 (𝑡)   (4.2) 
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In Equation (4.1), PFG(t) is the power supplied by the grid at every time interval and PL(t) is the 
demand of the prosumer microgrid. CG(t) is the time of use (ToU) tariffs of the grid supply as 
mentioned in Table 4.2. 
 
A1 – Grid with storage only  
Two solar PV power penetration levels, PPV(t) are considered in this scenario – 50%, and 75%. 
The annual grid consumption and grid costs incurred at each level of solar penetration are 
obtained. In addition, different HESS configurations are also considered. For each HESS made 
up of two sub-storage systems S1 and S2, S1 is selected to be the more power-dense storage, 
relative to S2. It is capable of charging and discharging at higher rates, thus able to handle 
sudden, high surges in power demand or supply. Correspondingly, S2 is the more energy-dense 
of the two storages capable of providing power for longer periods than S1. This is required to 
make the properties of the sub-storages of the HESS complementary when in operation. 
 In this case, the grid power is the only power source which charges the HESS and the HESS 
in turn discharges when grid prices are high. The objective here is to reduce the amount of grid 
electricity purchased by the prosumer microgrid when grid prices are high.  The objective 
function is depicted in Equation (4.3) and operational constraints are presented in (4.4) to (4.11) 
below:  
min  𝑃 (𝑡) ∗ 𝐶 (𝑡)     (4.3) 
𝑃 (𝑡) +  𝑃 (𝑡) =  𝑃 (𝑡) + 𝑃 (𝑡)   (4.4) 
𝑃 ≤  𝑃 (𝑡) ≤  𝑃    (4.5a) 
𝑃 ≤  𝑃 (𝑡) ≤  𝑃    (4.5b) 
𝑃 ≤  𝑃 (𝑡) ≤  𝑃    (4.6a) 
𝑃 ≤  𝑃 (𝑡) ≤  𝑃    (4.6b) 
𝑃 (𝑡) ∗   𝑃 (𝑡) = 0       (4.7a) 
𝑃 (𝑡) ∗   𝑃 (𝑡) = 0       (4.7b) 




ŋ     (4.8) 
𝑃 (𝑡) =  𝑃 (𝑡) ∗ ŋ + 𝑃 (𝑡) ∗  ŋ   (4.9) 
𝑋 (𝑡) = 𝑋 (𝑡 − 1) + 𝑃 (𝑡) −  𝑃 (𝑡) (4.10) 
𝑋 ≤ 𝑋 (𝑡) ≤ 𝑋      (4.11) 
  
PHC(t) and PHD(t) represent the power to charge and discharge the HESS respectively. PS1D(t), 
PS2D(t) are the powers discharged from sub-storage 1 and 2 of the HESS, while PS1C(t), PS2C(t) 
46 
 
are powers which charge the sub-storage systems S1 and S2. ŋ1 and ŋ2 represent  the roundtrip 
efficiencies of sub-storage 1 and 2. Equation (4.4) presents the power balance of the system. 
Equations (4.5a) and (4.5b), (4.6a) and (4.6b) present the charging and discharging power 
limits of the power-dense storage S1 and the energy-dense storage S2, respectively. PS1CMIN 
and PS1CMAX represent the minimum and maximum power charging storage S1; PS1DMIN and 
PS1DMAX represent the minimum and maximum power discharged from storage S1. Similarly 
PS2CMIN and PS2CMAX represent the minimum and maximum power charging storage S2 and 
PS2DMIN and PS2DMAX represent the minimum and maximum power discharged from storage S2. 
The simultaneous charging and discharging of S1 and S2 within the same time interval are 
prevented using Equations (4.7a) and (4.7b), while Equations (4.8) and (4.9) present the power 
from (PHD(t)) and to (PHC(t))  the HESS respectively. The state of charge of the HESS is 
captured in Equation (4.10); XCHGMIN(t), XCHG(t) and XCHGMAX(t) represent the minimum, 
current, and maximum state of charge of the HESS respectively.  Equation (4.11) restricts this 
state of charge between the minimum and maximum limits. Further details of the sub-storage 
systems and their characteristics are presented in Table 4.3. 
 
A2 – Grid with solar PV and storage.  
In this case, the prosumer microgrid is powered from two primary sources – the grid and the 
solar PV system. The grid expenses at different levels of solar PV power penetration and for 
three HESS configurations are considered. The objective is to minimise grid expenses while 
improving self-consumption within the microgrid. 
In this case, the objective function of minimising grid expenses still holds, thus Equation (4.3) 
is still applicable. The power balance equation due to the presence of solar PV power, PPV(t), 
at 50% and 75% penetration is as shown in Equation (4.12):    
𝑃 (𝑡) + 𝑃 (𝑡) + 𝑃 (𝑡) =  𝑃 (𝑡) +  𝑃 (𝑡)  (4.12) 
The operational limits of the HESS presented in Equations (5a) to (11) are also applicable here. 
 
4.3.2  Revenue from energy arbitrage (REA). 
 
Another potential income stream from the use of storage systems, as mentioned previously, is 
the revenue from energy arbitraging. The revenue that can be obtained from installation of 
storage systems which perform energy arbitrage functions may be influenced by a number of 
factors – the adopted feed-in tariff, the exchange rate of currencies and the policies and 
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incentives in support of implementation of renewable energy independent power projects (RE-
IPP) for different technologies [93].  
The objective with energy arbitrage is to maximise revenue, REA, by buying energy when the 
price is low and storing till the energy price is high and then selling the stored energy. This is 
presented in Equation (4.13):  
𝑚𝑎𝑥 𝑅 =  ∑ (𝑃 (𝑡) ∗  𝐶 (𝑡)) − (𝑃 ( ) ∗ 𝐶 (𝑡))   (4.13) 
where REA is the revenue from energy trading, P2G(t) and PFG(t) represent the power fed to, and 
supplied from the grid respectively. CFIT(t) represents the feed-in tariff and CG(t) is the time-
of-use tariff in Table 4.2. 
Two scenarios are considered for this case – when there is no solar PV power and where there 
is power from the solar PV system. Extra PV power, especially during low load periods or at 
higher PV penetration levels, when there is no storage are sold to the grid. This is an additional 
source of revenue for the prosumer microgrid. The power balance equations for the system, 
without solar and with solar PV systems is as presented in (4.14) and (4.15) respectively. 
𝑃 (𝑡) + 𝑃 (𝑡) = 𝑃 (𝑡) +  𝑃 (𝑡) + 𝑃 (𝑡)      (4.14) 
𝑃 (𝑡) +  𝑃 (𝑡) + 𝑃 (𝑡) = 𝑃 (𝑡) + 𝑃 (𝑡) + 𝑃 (𝑡)  (4.15) 
In addition to Equations (4.5a) to (4.11), Equation (4.16) is also included to prevent 
simultaneous buying and selling of power from and to the grid within the same interval. 
𝑃 (𝑡) ∗  𝑃 (𝑡) = 0      (4.16) 
 
4.3.3 Costs of diesel generation due to grid power loss during load shedding 
 
In recent times, occasional blackouts have been occurring due to operational and financial crisis 
faced by the South African power utility, Eskom. Load shedding is a measure taken by the 
utility company to provide a balance between power demand and supply and protect the 
network from total blackout. The duration and frequency of the planned load shedding covers 
8 stages, with Stage 1 and Stage 2 being the most common [94]. Stage 1 load shedding lasts 
for two hours and occurs three times within four days. In this study, the effects of Stage 1 load 
shedding schedules are analysed, as load shedding at higher stages may change within the hour, 
thus leading to consumers experiencing better power supply than planned. For most residences 
and businesses, the alternative power supply when the grid supply is out is the use of diesel 
generators. The cost of switching to diesel generators for 530 hours within a year [95] is 
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considered, to give a conservative estimate of costs incurred in operating a diesel generator to 
power the prosumer microgrid when there are blackouts.  
 
4.3.4  Case Study data 
 
The prosumer microgrid load profile is an estimated aggregate of fifty identical residential 
consumer profiles based on a South African residential consumer’s daily profile over a 24-hour 
period [96]. The solar power production from [71]  is scaled accordingly  for 50%, and 75% 
solar PV penetration in relation to the energy demand of the prosumer microgrid. The prosumer 
demand profile and solar PV power are depicted in Figure 4.2 below.  The ToU tariffs 
applicable to an urban residential user in South Africa under the Eskom MegaFlex Gen tariff 
is also applied in the model. These apply to the three prospective revenue streams modelled in 
Sections 4.1 to 4.3. 
 
 
Figure 4.2: Load profile and solar PV power supply of prosumer microgrid 
 
The ToU tariffs are presented in Table 4.2. It should be noted that other charges are also 
incurred by consumers, such as the DuOS network charge payable by all generators connected 


















Prosumer microgrid demand and PV penetration levels 
75% PV 50% PV PLOAD
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and affordability subsidy charge, but these have not been considered in this study. The 
exchange rate used is $1: R17.74. 
 
Table 4.2: Charges and tariffs for urban residential consumer in South Africa 
 
1 Active Energy Charge 
Periods Peak  Standard Off-peak 
Hours 7-10,  18-20 6-7, 10-18,  20-22 22-6 
Charges (c/kWh) 125.59  86.66  55.25 
2 Feed-in tariff (c/kWh) 231 
 
In this study, the feed-in tariff (c/kWh) is assumed to be R2.31 per kWh. However, it should 
be noted that the regulatory authorities, to the best of the knowledge of the authors, are yet to 
fix a FiT for small scale solar PV systems feeding into the national grid. This is being proposed 
to be included in the Phase 3 of the REFIT SA tariffs.  
The characteristics of the three HESS configurations considered are presented in Table 4.3 
below [97]. 
 
Table 4.3: Roundtrip efficiencies of hybrid energy storage systems 
HESS configuration  Efficiency(ŋ) 
Supercapacitor and Lithium ion battery HESS SC 0.99 
Li-ion 0.9 
Supercapacitor and hydrogen fuel cell HESS SC 0.99 
HFC 0.70 
Lithium ion battery and hydrogen fuel cell HESS Li 0.9 
HFC 0.7 
 
The costs of solar PV systems and storage systems considered in the financial analysis is 




Table 4.4: Costs of systems for project lifetime of 20 years [12],[93] 
SYSTEM COST (‘000 R) 
Solar PV system at 50% PV penetration  2,645 
Solar PV system at 75% PV penetration 3,967 
HESS 1 – Supercapacitors and Lithium ion battery HESS  3,903 
HESS 2 – Supercapacitors and Hydrogen fuel cell  HESS 12,063  
HESS 3 –Lithium ion battery and Hydrogen fuel cell HESS  9,934 
 
4.3.5 Economic analysis of system design configurations 
 
Payback period can be used to give an assessment of how long it takes for an investor to recoup 
his investments in a storage system [Grantham, 2017].  Shorter payback periods are more 
attractive to an investor as it means the investment is more attractive, while longer periods are 
less desired.  
 
Thus payback period can be calculated from: 
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑖𝑛𝑐𝑢𝑟𝑟𝑒𝑑
𝑆𝑎𝑣𝑖𝑛𝑔𝑠 𝑎𝑛𝑑 𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠 𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑
 
 
However, one of the deficiencies of the payback period method for analysing profitability 
involving storage systems is that the useful operational lifetime of the storage is not considered 
in the financial analysis. Additional analyses which consider the storage lifetime and 
replacement costs in relation to the investment is considered in this study and presented via the 
break-even year and profit margin at the end of the project lifetime of twenty years. The break-
even year presents the point at which investment in HESS and solar PV systems become viable 
in a financial context. 
Considering the lifetime of some storage systems like supercapacitors would require less 
replacements compared to batteries during a project lifetime, this might provide a different 
view on analysing the profitability of an investment. As a project lifetime of 20 years is 
considered, supercapacitors, lithium ion batteries and hydrogen fuel cell lifetimes of 10, 5 and 
20 years respectively are assumed in this study. 
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4.4  Results  
The results from the mathematical modelling of the operation of the prosumer microgrid system 
incorporating HESS for the three cases is presented in tables and figures in this section with 
discussions of results thereafter. Table 4.5 presents the results from Case A- Self consumption. 
 
Table 4.5: Annual grid energy consumption, expenses, and savings from prosumer microgrid 
self-consumption 







A SELF CONSUMPTION    
A0 Grid only       1,531.30  1,806,341       
A1 Grid and storage: 
 SC- Li 1,540.83 1,069,420 736,920 
 SC-HFC     1,568.31  1,142,519  663,882 
 Li-HFC     1,672.24 1,205,719 600,622 
A2 Grid, solar and storage 
50% solar penetration    
 SC- Li 801.66   442,916  1,363,425 
 SC-HFC 768.98   494,231  1,312,109 
 Li-HFC 849.66 540,838 1,265,503 
75% solar penetration    
 SC- Li      236.67    428,367  1,377,974 
 SC-HFC 519.14    313,399  1,492,941 
 Li-HFC      564.94     346,702  1,459,639 
 
In the grid power and storage only case (A1), the energy consumption of the grid increased 
compared to the base case. This is due to the additional power needed to charge the HESS 
which can be provided by the grid only. The expenses of the grid however, decreased by 
40.80%, 36.75% and 33.25% with the inclusion of the Supercapacitor-Lithium ion, 
Supercapacitor-Hydrogen fuel cell and Lithium ion-Hydrogen fuel cell HESS respectively. 
With the solar PV system incorporated with the grid and storage in case A2, there is also a 
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significant reduction in grid energy consumption within a range of 44.52% to 49.78% at 50% 
PV penetration and 63.11% to 84.54% at the 75% PV penetration levels. Similarly, grid 
expenses range from 70.06% to 75.45%, and 76.29% to 82.65% at 50%-PV and 75%-PV 
penetration levels respectively. The Supercapacitor-Lithium ion battery HESS is the most 
favourable option with cases A1 and A2-50%, but then the Supercapacitor-Hydrogen fuel cell 
HESS is the most promising storage option under the 75% solar PV penetration case of A2. 
 
Table 4.6: Annual Revenue from energy arbitrage 










B1 Grid and storage: 
 Supercapacitor and Lithium ion battery 
HESS 
 2,307 1,750,117  -  161,596 
 Supercapacitor and Hydrogen fuel cell 
HESS 
2,550 2,024,752 -  431,586  
 Lithium ion battery and Hydrogen fuel 
cell HESS 
 2,521  2,018,594 -  666,238  
B2 Grid, solar PV and storage 
 50% solar penetration    
 Supercapacitor and Lithium ion battery 
HESS 
2,048 1,507,275  1,157,243  
 Supercapacitor and Hydrogen fuel cell 
HESS 
2,163 1,643,278   759,999  
 Lithium ion battery and Hydrogen fuel 
cell HESS 
2,134 1,637,120   525,344  
 75% solar penetration    
 Supercapacitor and Lithium ion battery 
HESS 
 1,848  1,319,882 1,735,903 
 Supercapacitor and Hydrogen fuel cell 
HESS 
2,013 1,506,778  1,398,486 
 Lithium ion battery and Hydrogen fuel 
cell HESS 
  1,941 1,446,383 1,121,137  
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The grid and storage system only scenario (B1) was not deemed to be profitable under the 
conditions considered in this analysis. This could be attributed to a number of factors such as 
the feed-in-tariff rates, time of use tariffs, and so on used in this study [45]. However, 
considering the inclusion of solar PV power, the income that can be obtained when the HESS 
offers energy arbitraging service is of substantial value ranging from R525,344 to R1,735,903 
as shown in the estimated revenues of Table 4.6.  
 
In Table 4.7, the expenses incurred in operating the diesel generator as back-up power to serve 
the prosumer microgrid demand when there is Stage 1 load shedding has been estimated. 
Comparing the two cases shows the benefits of having another source of power to charge the 
HESS, rather than depending on the grid power only.  The least expenses incurred during the 
year is with the use of the Supercapacitor-Lithium ion battery HESS when there is 75% solar 
PV penetration.  
 
Table 4.7: Diesel generator costs with load shedding 
C ANNUAL DIESEL GENERATOR EXPENSES Rands (R) 
 Base case - Grid only  345,134 
C1 Grid power and HESS 
SC- Li 347,283 
SC-HFC 353,476 
Li-HFC 376,901 
C2 Grid, solar PV power and HESS 
50% solar penetration   
SC- Li 180,684 
SC-HFC 173,318 
Li-HFC 191,502 
75% solar penetration   




The lifetime of storage systems affects the number of replacements that would be required 
while in operation and in turn the payback period. From Table 4.8, we see that the Sc-Lithium 
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ion HESS (HESS 1) has a payback period of 5.29 years, breaks even by the 14th year of the 
project and can return 49.8% of the initial investment by the 20th year-end of the project (in 
A1). However, with these same storage prices, exchange rates and time of use tariffs, the Sc-
HFC (HESS 2) and Li-HFC (HESS 3) are not profitable in this case. Neither of them breaks 
even till the end of the project, with a liability of 17.67% and 13.63% of their initial investments 
respectively, still unpaid. For energy arbitraging services too, there were losses incurred for all 
HESS types and thus values of payback period, break-even point and profit margin were not 
obtained in this scenario (B1). Corresponding results for other scenarios as presented in Table 
4.8 show more promising results when solar PV power is included in the system. For instance, 
for scenarios A2 concerned with self-consumption, the impact of 50% and 75% PV penetration 
reduced the payback periods in five of the six cases. The exception was the 75% PV penetration 
for HESS 1 where the results showed a slight increase from 5.29 years (without PV) to 5.71 
years (with 75% PV penetration). Similarly, for scenario B2, increasing the PV penetration 
from 50% to 75% reduced the payback period from 5.66 years to 4.53 years, from 19.35 years 
to 11.46 years and from 23.95 years to 12.4 years for HESS 1, HESS 2, and HESS 3 
respectively. 
 
























at end of 
project 
life (%) 
 A1 B1 
Grid power and HESS 1 5.29 14 49.82 - - - 
Grid power and HESS 2 18.17 - -17.67 - - - 
Grid power and HESS 3 16.54 - -13.63 - - - 
50% PV penetration:  A2 B2 
Grid, solar PV and HESS 1 4.80 10 116.05 5.66 12 83.38 
Grid, solar PV and HESS 2 11.21 15 38.76 19.35 - -19.62 
Grid, solar PV and HESS 3 9.94 14 51.63 23.95 - -37.06 
75% PV penetration:  A2 B2 
Grid, solar PV and HESS 1 5.71 11 96.67 4.53 8 175.01 
Grid, solar PV and HESS 2 10.74 14 47.07 11.46 14 47.90 
Grid, solar PV and HESS 3 9.52 13 61.42 12.40 16 34.33 
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For any one of the three services the HESS is providing as part of this prosumer microgrid, it 
has been shown that the returns vary for each scenario with its different objectives and 
operating conditions. When the HESS is considered to perform multiple services with the 
returns combined, the multiple revenue streams would make a case for the inclusion of HESS 
as being a profitable component of a prosumer microgrid. This is presented in Table 4.9 below. 
For instance, in the case of grid power supply, solar PV and HESS 1, the payback period 
improved from 4.8 years when the HESS was improving self-consumption alone (in Table 4.7); 
to payback periods ranging from 2.44 years to 4.95 years when HESS services were stacked. 
Similarly, with the three services stacked, the supercapacitor-lithium ion HESS with 75% PV 
penetration gave the best payback period of 2.31 years.  
 




















Grid power and HESS 1    5.31  - 6.81 
Grid power and HESS 2 18.40  - 53.86 
Grid power and HESS 3  17.46  - - 
50% PV penetration:   
Grid, solar PV and HESS 1 4.29 4.95 2.44 
Grid, solar PV and HESS 2 9.91 15.78 6.55 
Grid, solar PV and HESS 3 8.86 18.53 6.47 
75% PV penetration:   
Grid, solar PV and HESS 1   4.71             3.88        2.31  
Grid, solar PV and HESS 2 9.31             9.86        5.14  





Storage systems can provide many services within a power network at the transmission and 
distribution levels. At the distribution level, where the prosumer microgrid is the stakeholder 
considered in this study, energy storage systems can serve to reduce grid expenses by 
improving self-consumption, engaging in energy arbitrage or serving as a back-up system in 
situations of power outages. Instead of considering just one kind of storage systems, three 
hybrid energy storage systems considered in this study are modelled as part of the prosumer 
microgrid to assess the different revenue streams that can be obtained from storage systems. 
The payback periods, break-even point and profit levels at the end of the project lifetime have 
been evaluated and analysed. The results show that the inclusion of solar PV power as a 
complementary power supply to the grid power is beneficial for a prosumer microgrid with 
hybrid energy storage systems, and substantiate that stacking use cases of storage systems 
provide more revenue than a single service would. 
Future work in this study includes modelling other revenue streams of energy storage systems 
like reduction of maximum demand charges, reactive power demand charges, peak shaving 
costs, etc. for all kinds of grid-tied microgrids. Secondly, uncertainty in power demand, solar 
power or wind power is not considered, but power systems for which higher accuracy-power 
forecasts are made can give a better assessment of economic viability of storage systems. 
Thirdly, as storage technologies improve and become more mature, thereby promoting the use 
of storage systems, future reduction in prices of storage systems is to be expected and could 





Chapter 5  
OPERATIONAL OPTIMIZATION OF GRID-CONNECTED 
MICROGRIDS INCORPORATING HYBRID ENERGY 
STORAGE AND DEMAND RESPONSE 




Storage systems are needed to boost the reliability of intermittent solar and wind resources in 
power networks.  Unlike many other works which focus on one storage system type or hybrid, 
this work models the operation of different hybrid energy storage systems (HESS) in a 
Renewable Energy (RE) based grid-tied network. The objective is to minimize the daily 
operational costs of the microgrid by minimizing the diesel and electricity costs from the 
central grid, while prolonging the storage lifetime via the consideration of storage degradation 
costs. The influence of fixed tariffs and time-of-use (TOU) tariffs on the optimal operation  of 
six HESS configurations have been investigated; as well as deferrable demand satisfaction, 
charge-discharge pattern of different HESS and availability of the power-dense storage system 
within the microgrid. Results show that the lead-acid battery and hydrogen fuel cell HESS 
incurs the highest operational costs, while the supercapacitor-lead-acid battery incurs the 
lowest operational costs. 
 




Modern power systems are evolving from the conventional centralised, fossil-fired, power 
plants to decentralised systems promoting the inclusion of solar and wind resources in the 
energy mix. This is due to depleting fossil reserves, increasing energy demand and a growing 
global call for cleaner energy production [13], [16]. However, the inclusion of renewable 
sources in the existing energy mix comes with its own technical challenges due to its 
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intermittent nature. Thus, it is crucial for modern power systems to be more flexible and 
adaptable to unexpected variations in demand, weather conditions or excess electricity 
generation which could be associated with operating RE-inclusive power plants [2], [40].   
 
Energy storage systems have been identified as key enablers for renewables and grid 
optimization, while boosting generation efficiency, reducing operation of line voltage 
regulators, regulating frequency, reducing peak voltages and delaying the need for expansion 
of transmission and distribution networks [2], [14], [83]. Recently, their inclusion has been 
increasing considerably across in-front-of-meter (wholesale, transmission and distribution) and 
behind-the-meter use cases [22]. Storage options incorporated in modern power systems 
include batteries, fuel cell systems, supercapacitors, flywheels, compressed air energy storage 
systems (CAES), pumped hydro storage, superconducting magnetic energy storage (SMES) or 
a hybrid of two or more of these technologies as depicted in Figure 5.1. 
 
 
Several research works have considered the deployment of energy storage systems in different 
scenarios. These include in offgrid and grid-tied systems [14], [40], [47], [98], [99], with or 
without renewable energy sources, on large scales for generation and transmission networks 
[16], [37], or on small scales for residential use [14], [58]. For whatever purpose or type 
selected, sizing and operation of storage systems must consider both technical and economic 
concerns for optimal benefits. Technical concerns include uncertainty in RE supply, voltage or 
frequency deviations, loss minimisation and power quality improvement. These are ideally 
balanced with economic concerns such as the influence of storage size and operation on overall 
power system costs [37], or under grid pricing schemes [47].  
Excess energy 
generated from 






(Lithium ion, lead acid, flow batteries)
Mechanical 
(flywheels, CAES, pumped hydro systems)
Power -to-gas 
(electrolyser and fuel cell systems)
Power-to-heat 
(heat pumps and thermal storage systems)
Desalination plants
Figure 5.1: Different use cases of excess energy generation [36] 
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Technical characteristics vary for different storage systems. Storages like supercapacitors have 
the ability to charge and discharge at a high rate and are termed as high power-dense storages 
[9], [100]. Others charge and discharge at a lower rate but are capable of providing power for 
a longer duration, like hydrogen fuel cells, pumped hydro storage systems, etc. [9] . Systems 
have also been developed to take advantage of the attributes of each individual storage system 
to form a combined storage system generally referred to as hybrid energy storage systems 
(HESS).  
Hybrid energy storage systems (HESS) are combined from different storages which 
complement each other technically and financially for short and long term uses. Technical 
criteria considered in combining storages include power densities, energy densities, charging 
and discharge rates and system efficiencies, while the economic criteria include total 
installation costs, lifetimes, operational and degradation costs [97]. When a HESS is optimally 
planned and managed, both technical and economic performance metrics are usually improved  
[9], [14]. These improvements are shown in a battery-supercapacitor HESS which can provide 
energy buffering, peak power smoothening as well as reduced storage costs and improved 
performance in high wind fluctuation conditions [27], [31]. A similar HESS’s performance is 
confirmed via experimentation and simulation with MATLAB and shows a 30% cost reduction 
in lifecycle cost of the batteries when supercapacitors (SC) are included[101]. In a battery-
Superconducting Magnetic Energy Storage (SMES) HESS in a microgrid, the battery keeps 
the SMES current in the desired range and the SMES protects the battery from large peak-to-
peak currents. This leads to a battery lifetime extension from 6.3 years when operating alone, 
to 9.2 years when operating as part of a HESS [54]. However, these references on energy 
management of storage systems do not simultaneously compare cost and performance metrics 
of various HESS configurations.  
From available literature, the different methods of energy management of storage systems are 
broadly classified as either rule-based or optimization-based [18].  Deterministic and Fuzzy 
approaches are considered as rule-based, while linear programming, evolutionary methods and 
model predictive control (MPC) feature as part of optimisation-based approaches. Linear 
programming was utilised by [50] to develop a methodology to integrate battery degradation 
in optimization models, considering the number of cycles and state of charge as variables rather 
than fixed parameters. Similarly, [40] also used linear programming in optimising storage 
operation for maximal profit from electricity trading, while [102] applied it in a combined 
cooling, heating and power storage system to minimise the costs of energy supply.  
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A critical review of these works shows that although degradation and optimal operation of 
single storage systems have been studied, the effect of degradation on hybrid storage systems 
and their operational cycling and lifetime have not been addressed [20], [27], [31], [50] . Also, 
many works focus on the battery-SC HESS only, often neglecting other HESS combinations 
that could also be deployed for stationary applications in grid-tied networks [25], [27], [31], 
[57], [58], [101]. The novelty in this work comes in the development of a mathematical model 
for the operation of hybrid energy storage systems, ensuring the incorporation of the technical 
features of the individual storages in the operation strategy. These features include their high 
or low charging rates, efficiencies, power and energy densities and storage degradation costs. 
The impact of these technical characteristics is modelled in this work for a more accurate 
evaluation of the most promising HESS option that can be deployed. Six HESS topologies are 
further used as a case study to demonstrate the effect of tariff rates, storage availability 
constraints, deferrable loads and diesel generator constraints on a microgrid’s operation.  
The following Sections 5.2 and 5.3 present the details of the microgrid system design and its 
numerical model. Sections 5.4 and 5.5 delve into the results of operational optimization of the 
selected HESS topologies, sensitivity analysis and conclusion of the work. 
 
5.2  System Design 
Access to reliable power supply from a microgrid is critical for consumers, especially 
commercial and industrial ones, as the benefits of owning a dedicated microgrid leads to 
substantial savings in operational costs. They can benefit from time-of-use pricing schemes to 
shift peak loads and reduce energy costs [103], reduce dependence on diesel generators and 
take advantage of incorporating renewable energy sources in their energy mix.               
  
As shown in Figure 5.2 below, power supply in this microgrid, at every time interval, comes 
from one or all of - solar PV panels (PPV), diesel generator (PDG), grid supply (PG) or 
discharged hybrid storage power (PHSD). The power is consumed by the loads and the charging 
of the storage system. In this system, ESS1 is the higher-power energy storage system capable 
of fast responses to sudden surpluses or deficits in power required to satisfy loads, while ESS2 
is the high energy-dense storage system capable of providing smaller amounts of power over a 





           
 







Figure 5.2: Schematic diagram for system components of RE-based micro-grid 
               
5.3   Numerical Modelling of System 
AIMMS stands for Advanced Interactive Multidimensional Modelling System, and is an 
algebraic modelling language designed for modelling and solving optimization problems. It is 
employed in modelling the system described in Section 5.2 above, using CONOPT 3.14V and 
CPLEX 12.7 on a computer with Intel core i3 processor.  The mathematically-based 
optimization approach is used in this study rather than heuristic approaches as the latter 
produces many subcases, increases complexity and might not guarantee an optimal solution 
[59]. 
A)  Objective function 
 
In the system connected to a grid supply utilizing Time-Of-Use (ToU) rates, the aim is to satisfy 
demand at minimal cost to the system owner.  The consideration is therefore to reduce 
operational costs by minimising the diesel generator use, storage use considering degradation 
costs and the use of the grid supply considering time-of-use tariffs. A sampling time of one 
hour over a 24-hour horizon is considered. This is represented mathematically in (5.1): 
(𝑎 ∗ 𝑃 (𝑡) + 𝑏 ∗ 𝑃 (𝑡) + 𝑐) +  ( (𝑃 (𝑡) ∗ 𝑆𝐷𝐶1) + (𝑃 (𝑡) ∗ 𝑆𝐷𝐶2))
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Here, a, b, and c are diesel generator constants (with values stated in Section 5.3C), PDG(t) is 
power supplied by the diesel generator and PS1D(t) and PS2D(t) are the powers discharged by 
storage system 1 (ESS1) and storage system 2 (ESS2) every hour, respectively. SDC1 and 
SDC2 are the storage degradation costs of ESS1 and ESS2, CG(t) is the fixed or ToU-based 
tariffs of the grid supply, and PG(t) is the power delivered by the grid. 
 
B)  System constraints 
 
Power balance constraints 
The power balance equation matching all generation with consumption is presented in (5.2) 
below. Generated power is from the diesel generator - PDG, the grid- PG, solar PV panels -PPV, 
and the discharged power from the HESS, PHSD. These are consumed by the loads– PL, the 
deferrable residential loads -PDL and the HESS charging – PHSC. An inverter with efficiency 
given as ŋIV is included for the DC-AC conversion of power. 
𝑃 (𝑡) + 𝑃 (𝑡) +  ŋ (𝑃 (𝑡) + 𝑃 (𝑡)) = 𝑃 (𝑡) + 𝑃 (𝑡) + ŋ ∗ (𝑃 (𝑡))       (5.2) 
 
Load constraints 
The loads considered in this study comprise fixed non-deferrable loads and deferrable loads 
which may be powered at any time of the day. Deferrable loads are also referred to as 
dispatchable loads and may include smart appliances which are programmed to come on at 
certain times of the day. The total deferrable loads, PDL(t), is limited to 1000kWh daily[82]. 
This is depicted in (5.3). 
∑ 𝑃 (𝑡) =   1000  (5.3) 
 
Storage system dynamics  
The power discharged from the hybrid energy storage system, PHSD(t) comprises that from 
ESS1 and ESS2. The same goes for the power needed to charge the hybrid energy storage 
system, PHSC(t), and shown in (5.4) and (5.5) below: 
𝑃 (𝑡) = 𝑃 (𝑡) + 𝑃 (𝑡)  (5.4) 
𝑃 (𝑡) = 𝑃 (𝑡) + 𝑃 (𝑡)   (5.5) 
 
The variation in the state of charge of the storage systems (SOCS1, SOCS2) are also shown in 
(5.6), (5.7), where ŋS1 and ŋS2 are the efficiencies of ESS1 and ESS2 respectively, PS1C(t) and 
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PS2C(t) represent the power used in charging ESS1 and ESS2, PS1D(t) and PS2D(t) are discharged 
from ESS1 and ESS2 of the hybrid storage system. 
 
𝑆𝑂𝐶𝑆1(𝑡) = 𝑆𝑂𝐶𝑆1(𝑡 − 1) + ŋ ∗ 𝑃 (𝑡) −  (𝑃 (𝑡)/ŋ )              (5.6) 
𝑆𝑂𝐶𝑆2(𝑡) = 𝑆𝑂𝐶𝑆2(𝑡 − 1) + ŋ ∗ 𝑃 (𝑡) −  (𝑃 (𝑡)/ŋ )             (5.7) 
 
State of charge limitations: As shown in (5.8) and (5.9), the states of charge (SOC) of the ESS 
is maintained between the highest and lowest SOCs, to avoid possible overcharge or over-
discharge.  
 
𝑆𝑂𝐶𝑆1 ≤  𝑆𝑂𝐶𝑆1(𝑡) ≤  𝑆𝑂𝐶𝑆1             (5.8) 
𝑆𝑂𝐶𝑆2 ≤  𝑆𝑂𝐶𝑆2(𝑡) ≤  𝑆𝑂𝐶𝑆2             (5.9) 
 
Simultaneous charging constraint: The system needs to meet the conditions stated in (5.10) 
and (5.11) to ensure that none of the storage systems charge and discharge within the same 
interval.   
𝑃 (𝑡) ∗  𝑃 (𝑡) = 0                          (5.10) 
𝑃 (𝑡) ∗  𝑃 (𝑡) = 0                          (5.11) 
 
ESS1 state of availability: The first storage system of the HESS, ESS1, has high charge and 
discharge rates which makes it suitable for immediate responses to change in power demand 
or supply. In order to ensure its availability to absorb or provide  power, it is required that its 
state of  charge (SOC) should be between 30% and 70% of the maximum state of charge 
(SOCS1MAX) [58], [59]  as in (5.12): 
          𝐼𝑓 0.3 ∗ 𝑆𝑂𝐶𝑆1 (𝑡) ≤ 𝑆𝑂𝐶𝐸𝑆𝑆1(𝑡) ≤ 0.7 ∗  𝑆𝑂𝐶𝑆1   
                 tℎ𝑒𝑛 𝑆𝑂𝐶𝑆𝐶(𝑡) = 1 
          𝑒𝑙𝑠𝑒 𝑆𝑂𝐶𝑆𝐶(𝑡) = 0 
𝑒𝑛𝑑𝑖𝑓                                                     (5.12) 
              
 The considerations for the difference in the charge-discharge rates of ESS1 and ESS2 is 
modelled in (5.13a) and (5.13b) where ESS1 can charge and discharge a larger amount of 
power.  The high energy ESS (ESS2), is constrained from charging or discharging as much 
power within one interval, due to its functioning as a high-energy ESS in (5.14a) and (5.14b): 
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𝑃 (𝑡) ≤ 60𝑘𝑊     (5.13a) 
𝑃 (𝑡) ≤ 60𝑘𝑊    (5.13b) 
 𝑃 (𝑡) ≤ 20𝑘𝑊   (5.14a) 
 𝑃 (𝑡) ≤ 20𝑘𝑊    (5.14b) 
 
Diesel generator constraints 
The standard generator fuel cost model given in (5.15) is assumed to be a quadratic function of 
the active power output of the generator, PDG. The values of the coefficients a, b, c are presented 
in Section 5.3C below:  
𝐶𝑜𝑠𝑡𝑃 (𝑡) = 𝑎 ∗ 𝑃 (𝑡) + 𝑏 ∗ 𝑃 (𝑡) + 𝑐        (5.15) 
 
SDG(t) is a binary variable which represents the status of the diesel generator, with value of 1 
when on and 0 when off. The diesel generator operates optimally when it is supplying at least 
30% of its full load and operating under contrary situations affects its operational lifetime [74]. 
This is modelled in (5.16) to ensure that the diesel generator is either off, or only providing 
power above 30% of its rated capacity. 
𝑆 (𝑡) ∗  𝑃 ≤  𝑃 (𝑡) ≤  𝑆 (𝑡) ∗  𝑃      (5.16) 
 
Grid limits   
The grid power supply is limited to a maximum of 100kW per hour and a maximum of 
2400kWh daily, under both the fixed prices and ToU tariff schemes. 
P (t) ≤ P (t) ≤ P (t)                    (5.17) 
 
 
C)  Model Parameters and Variables. 
 
The HESS topologies considered in this study are selected due to their suitability for the size 
of loads being considered. The storage degradation costs (SDCs) are obtained from the work 
of [50] . The efficiency of the storage systems from [24], [104] are used, and their charging 
and discharging efficiencies are assumed to have the same value [40], [105]. The selected 




Table 5.1: Efficiency and storage degradation costs for storage systems 






Lithium ion and Lead-acid batteries 
ESS1 Li-ion 0.34 0.90 
ESS2 Pb-acid 0.7 0.75 
HESS 2 
Supercapacitors and lithium ion 
ESS1 SC 1.17 0.99 
ESS2 Li-ion 0.34 0.90 
HESS 3 
Lithium ion and hydrogen fuel cell  
ESS1 Li-ion 0.34  0.90 
ESS2 HFC 0.65 0.70 
HESS 4: 
Supercapacitors and lead acid battery 
ESS1 SC 1.17 0.99 
ESS2 Pb-acid 0.7 0.75 
HESS 5 
Lead acid battery and hydrogen fuel cell 
ESS1 Pb-acid 0.7 0.75 
ESS2 HFC 0.65 0.70 
HESS 6 
Supercapacitor and HFC 
ESS1 SC 1.17 0.99 
ESS2 HFC 0.65 0.70 
 
Solar power profile of [71] is scaled to suit the load as shown in Figure 5.3. Electricity prices 
under the ToU pricing from [25]  (shown in Table 5.2) and fixed tariff of 0.19 $/kWh [47] are 
used.  The diesel generator constants a, b, and c are 0.246, 0.0815 and 0.433[106]. A 
representative load profile of non-deferrable loads (PNDL) of a commercial building  as shown 
in Figure 5.3 [107] and deferrable residential loads (PDL) up to 1000kWh daily are also 
included. The inverter efficiency is 0.9. 




Table 5.2: Hourly solar power output and non-deferable load profile 
GRID ELECTRICITY PRICES (TIME OF USE)  
Time CG(t) ($/kWh) 
00.00 – 08.00; 17.00 -00.00 0.1 
08.00 – 17.00 0.25 
 
5.4  Simulation Results 
 
A qualitative comparison of the values of the objective function for six HESS configurations 
under different tariff schemes and degradation costs in the system described in previous 
sections is presented. Figure 5.4 presents the objective function, grid expenses, diesel generator 
expenses and storage degradation costs of four HESS configurations – HESS 1(and 3), 2, 4(and 
6) and 5 under TOU and FT. 
From Figure 5.4, it is seen that most of the power supply comes from the diesel generators, 
under both tariff scenarios. HESS 5 (the Lead-acid battery- HFC HESS) is the most expensive 
HESS to operate. HESS 4/6 (Supercapacitor-Lead acid battery or Supercapacitor-Hydrogen 
fuel cell) incur the highest storage degradation costs. In contrast, HESS 2 (Supercapacitor-
Lithium ion battery) is the most economic HESS. HESS 1/3 (the Lithium-ion and Lead-acid 
 
 
 Figure 5.4: Operational costs of HESS under ToU vs fixed tariff schemes 
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battery HESS or the Lithium-ion and Hydrogen fuel cell HESS) incur the lowest storage 
degradation costs. Results show that TOU-based demand response method has no significant 
effect on the storage degradation costs incurred by the HESS. All costs incurred under the ToU 
regime were lower than (or equal to) the corresponding costs incurred under the fixed regime.  
 The charging and discharging pattern for each of the HESS configurations is shown in Figure 
5.5. The upward slope denotes charging periods whereas the downward slope denotes periods 
of discharge, with all the HESS charging and discharging at different rates. The highest state 
of charge for all the HESS configurations occurs at 18.00 and gives an indication to the required 
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Deferrable load performance with different HESS
HESS1 HESS 2 HESS 3
HESS 4 HESS 5 HESS 6
 
 
Figure 5.5: State of charge of different HESS configurations in the microgrid 
Figure 5.6: Satisfaction of deferrable loads with each HESS in the microgrid 
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The periods when the deferrable loads, which may include programmable appliances like 
washing machines, dishwashers, etc. are powered during the day for each of the HESS are 
shown in Figure 5.6. It is seen that the common trend is that deferrable demands are met 
between 7.00 till 19.00 to satisfy the daily 1000kWh demand. 
 
SENSITIVITY ANALYSIS: Varying the capacity range for ESS1 availability. 
The initial analysis of the ESS availability constraint (see (5.16)) was limited to the ESS1 being 
available between the levels of 30% to 70% of its maximum capacity in order to be able to 
handle any surges or dips in power demand or supply. From the results, ESS1 of HESS 1 and 
HESS 3 was available for 9 hours daily, while all other ESS1s of all other HESS were available 
for 14 hours daily, under both ToU and fixed tariff.  
A variation in the range of ESS1’s availability from the 30% to 70% range, to 20% to 70%, 
30% to 80% and 20% to 80% of the maximum capacity resulted in the hours of availability in 
Table 5.3 below: 
Table 5.3: Variation in daily range of ESS1 availability 








HESS 1 9 11 9 11 
HESS 2 14 15 14 15 
HESS 3 9 11 9 11 
HESS 4 14 15 14 15 
HESS 5 14 14 14 14 
HESS 6 14 15 14 15 
 
For the change from the 30%-70% range to the highest range of 20% -80%, it is seen that HESS 
1, 2, 3, 4 and 6 are capable of being available for more hours of the day. Technically, this 
implies that these HESS configurations would be in a better position to handle uncertainty and 




5.5  Conclusion 
The HESS is an efficient storage option which satisfies more techno-economic considerations 
than a single ESS would. One of the commonest HESS configurations studied is the battery-
supercapacitor HESS, but in this paper, the mathematical modelling and optimization of the 
operation of other HESS configurations in a microgrid have been presented. The results show 
how electricity production from systems incorporating renewables and storage systems behave 
in grid scenarios involving fixed tariffs and time-of-use tariffs,  and  that the HESS 5 (the Lead-
acid battery- HFC HESS) incurs highest costs during operation. The power consumption of 
deferrable loads of the microgrid when different HESS are involved have been modelled and 
analysed in this study. The optimal energy capacity for different HESS configurations was also 
determined and this is useful in HESS sizing. All these are useful for energy planners and 
stakeholders as they give a more holistic approach to the techno-economic considerations to be 
made in evaluating the most promising storage systems for renewable-energy-based 
microgrids.  
Future research in this area would investigate the modelling of uncertainties in loads and in 
power supply from renewable energy sources and their impacts on the costs, lifetime and 





Chapter 6  
CONCLUSION 
 
Energy management of microgrids which comprise grid electricity, solar PV power, diesel 
generators and hybrid energy storage systems is considered in this study. This power system 
has been modelled while considering the peculiarities and operational constraints of each of 
the storage systems making up the hybrid energy storage system. As storage systems are a bit 
more complicated than other power systems components due to the dependence of the next 
time interval’s operation on the last time interval, the study of HESS operations is a crucial 
area of interest. This has been considered in detail in Chapters three, four and five of this thesis.  
In Chapter Three, a model was developed for use as a basis of comparison of different hybrid 
energy storage systems within a microgrid network. The Levelised Cost of Hybrid Energy 
Storage Systems (LCOHESS) considers the technical and economic characteristics of each of 
the storage systems and then gives an indication of which of the HESS under consideration is 
most cost-effective till the end of a specified project lifetime. The impact of future reduction 
in storage prices, storage system degradation and improved energy output due to advanced 
research was also considered in the LCOHESS assessment. 
In Chapter Four, following the challenge of storage systems perceived as not being profitable 
due to high capital and replacement costs, this research looks at possible revenue streams from 
three different HESS configurations. The study showed that the profitability of HESS within a 
prosumer microgrid improves significantly when the stacked services of self-consumption, 
energy arbitraging and back-up power are considered together. The results also show that the 
inclusion of solar PV power as an alternative to grid power is beneficial to the prosumer 
microgrid and improves potential revenue in the long run. 
Lastly, Chapter Five investigates the optimal operation of different HESS configurations in a 
power network having solar photovoltaic power, grid supply and diesel generation. With the 
aim of minimizing operational costs, the HESS configurations had varying accruable savings 
when the grid prices are either fixed or under a time of use regime. Results identified which of 
the HESS configurations incurs the least costs while in operation within the microgrid. 
The optimal operation of hybrid energy storage systems within microgrids with utility power 
and renewable energy sources has been presented in the chapters of this thesis. The underlying 
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concern is to make a case for the different HESS configurations and encourage their adoption 
into networks, as they are perceived to have high system costs despite the many benefits they 
offer. The technoeconomic assessment required in selecting a suitable HESS based on the 
Levelised costs, the payback periods and accruable revenue when providing multiple benefits 
or the expected operation costs under different grid pricing schemes have been presented in 
this thesis. Thus, the chapters of this thesis address the optimisation of HESS sizing and 
operations in a view to achieve maximal technical benefits at best prices.      
Sequel to the results and findings of this thesis, further research could investigate stacking 
revenue streams of hybrid storage systems for other kinds of power networks, such as industrial 
microgrids or distribution networks. Also, the impact of the uncertainty in solar PV or wind 
power output on the HESS could be modelled via some heuristic methods (such as Genetic 
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Abridged simulation code for revenue stacking of HESS in prosumer microgrids.  
 
 
Model Main_Prosumer_ESS_One { 
    Set time { 
        Index: t; 
        Definition: data {1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24}; 
    } 
    Parameter PLS { 
        IndexDomain: t; 
            } 
    Parameter PLW { 
        IndexDomain: t; 
        Comment: "in kWh"; 
    } 
    Parameter CgS { 
        IndexDomain: t; 
            } 
    Parameter CgW { 
        IndexDomain: t; 
    } 
    Parameter Cfit { 
        Definition: 2.31; 
    } 
    Parameter Ppv50 { 
        IndexDomain: t; 
    } 
    Parameter EffInvA2 { 
        Definition: 0.91; 
    } 
    Parameter Ppv75 { 
        IndexDomain: t; 
    } 
    Parameter Ppv100 { 
        IndexDomain: t; 
    } 
    Parameter EffS1 { 
        Definition: 0.99; 
    } 
    Parameter EffS2 { 
        Definition: 0.9; 
    } 
    Variable Pfg { 
        IndexDomain: t; 
        Range: (0, 1000); 
    } 
    Variable P2g { 
        IndexDomain: t; 
        Range: (0, 1000); 
    } 
    Variable Ps1c { 
        IndexDomain: t; 
        Range: (0, 300); 
    } 
    Variable Ps1d { 
        IndexDomain: t; 
        Range: (0, 300); 
    } 
    Variable Ps2c { 
        IndexDomain: t; 
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        Range: (0, 200); 
    } 
    Variable Ps2d { 
        IndexDomain: t; 
        Range: (0, 200); 
    } 
    Variable SOC1 { 
        IndexDomain: t; 
        Range: [0, 500); 
        Definition: SOC1(t-1)+(PS1c(t)*EffS1) - (PS1D(t)/EffS1); 
    } 
    Variable SOC2 { 
        IndexDomain: t; 
        Range: (0, 800); 
        Definition: SOC2(t-1)+(EffS2*PS2c(t))-(PS2D(t)/EffS2); 
            } 
    Variable PHESSChg { 
        IndexDomain: t; 
        Range: [0, 1000); 
        Definition: Ps1c(t) + Ps2c(t); 
    } 
    Variable PHESSDch { 
        IndexDomain: t; 
        Range: [0, 1000); 
        Definition: Ps1d(t) + Ps2d(t); 
    } 
    Variable SOCHESS { 
        IndexDomain: t; 
        Range: [0, 2000); 
        Definition: SOCHESS(t-1) + PHESSChg(t) - PHESSDch(t); 
    } 
    Variable ObjA2 { 
        Range: free; 
        Definition: sum (t, CgS(t)* PLS(t)); 
            } 
    Variable ObjA3 { 
        Range: free; 
        Definition: sum (t, (CgS(t)*Pfg(t))); 
        Comment: { 
            "maximise (P2g(t)*Cfit) - (Pfg(t) * CgS(t));  
             
    } 
    Variable ObjB1 { 
        Range: free; 
        Definition: sum (t, (P2G(t) * CFIT)  -  (PFG(t) * Cgs(t))); 
        
        } 
    } 
    Variable Netgridpower { 
        IndexDomain: t; 
        Range: free; 
        Definition: Netgridpower(t-1)-Pfg(t) + P2g(t); 
         
    } 
    Variable B2SellingPrice { 
        IndexDomain: t; 
        Range: nonnegative; 
        Definition: P2G(t) * CFIT; 
    } 
    Variable B2CostPrice { 
        IndexDomain: t; 
        Range: nonnegative; 
        Definition: Pfg(t) *CgS(t); 
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    } 
    Constraint ConsA2PowerBal { 
        IndexDomain: t; 
        Definition:  
            "P2g(t) + PloadS(t) + Ps1c(t) + Ps2c(t) = Pfg(t) + Ps1d(t) + Ps2d(t) 
            P2g(t) + PLS(t) + Ps1c(t) + Ps2c(t) = Pfg(t) + EffInvA2 *(Ps1d(t) + Ps2d(t)) 
    } 
    Constraint ConsA3No1PowerBal { 
        IndexDomain: t; 
        Definition: 1=1; 
        Comment: { 
            "P2g(t) + PloadS(t) + Ps1c(t) + Ps2c(t) = Pfg(t) + Ps1d(t) + Ps2d(t) +Ppv(t) 
            P2g(t) + PLS(t) + Pdefload(t) + Ps1c(t) + Ps2c(t) = Pfg(t) + Ps1d(t) + Ps2d(t) +Ppv(t) 
    } 
    Constraint ConsA3No2SimChgDchESS1 { 
        IndexDomain: t; 
        Definition: 1=1; 
        Comment: "Ps1C(t)* Ps1D(t)= 0"; 
    } 
    Constraint ConsA3No2SimChgDchESS2 { 
        IndexDomain: t; 
        Definition: 1=1; 
        Comment: "Ps2C(t)* Ps2D(t)= 0"; 
    } 
    Constraint ConsA3No3ChgPassDch { 
        Definition:             "sum(t,Ps1c(t)) > sum(t,Ps1d(t)) 
    } 
    Constraint ConsA4No1PowerBal { 
        IndexDomain: t; 
        Definition: 1=1; 
        Comment: { 
            "P2g(t) + PloadS(t) + Ps1c(t) + Ps2c(t) = Pfg(t) + Ps1d(t) + Ps2d(t) +Ppv(t) 
    } 
    Constraint ConsB1No1PowerBal { 
        IndexDomain: t; 
        Definition: PFG(t)+ PHESSDch(t)  + ppv50(t)= PLS(t)  + PHESSChg(t) + P2g(t); 
       } 
    Constraint ConsB1Nopowertoandfromgrid { 
        IndexDomain: t; 
        Definition: Pfg(t) * P2g(t) = 0"; 
    } 
    ElementParameter ObjforMP { 
        Range: AllGeneratedMathematicalPrograms; 
    } 
    MathematicalProgram ResultingAnsa { 
        Objective: ObjB1; 
        Direction: maximize; 
        Constraints: AllConstraints; 
        Variables: AllVariables; 
        Type: Automatic; 
    } 
    Procedure MainInitialization { 
        Comment: "Add initialization statements here that do NOT require any library being initialized already."; 
    } 
    Procedure PostMainInitialization { 
        Comment: { 
            "Add initialization statements here that require that the libraries are already initialized properly, 
            or add statements that require the Data Management module to be initialized." 
        } 
    Procedure MainExecution { 
        Body: { 
            solve ResultingAnsa; 
        } 
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        Comment: { 
            "solve ResultingAnsa; 
             
            ObjforMP:=GMP::Instance::Generate(ResultingAnsa); 
            GMPOuterApprox::DoOuterApproximation(ObjforMP) 
            !GMPOuterApprox::IterationMax:=10 
        } 
    } 
    Procedure PreMainTermination { 
        Body: { 
            return DataManagementExit(); 
        } 
        Comment: { 
            "Add termination statements here that require all libraries to be still alive. 
            Return 1 if you allow the termination sequence to continue. 
            Return 0 if you want to cancel the termination sequence." 
        } 
    } 
    Procedure MainTermination { 
        Body: { 
            return 1; 
        } 
        Comment: { 
            "Add termination statements here that do not require all libraries to be still alive. 
            Return 1 to allow the termination sequence to continue. 
            Return 0 if you want to cancel the termination sequence. 
            It is recommended to only use the procedure PreMainTermination to cancel the termination sequence and let this 
procedure always return 1." 
        } 
    } 
} 
 
